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ABSTRACT

NEW TYPES OF MORPHO-PHYSIOLOGICAL CHANGES IN CELLS
EXPOSED TO NANOSECOND PULSED ELECTRIC FIELD

M ikhail A. Rassokhin
Old Dominion University, 2013
Co-Directors: Dr. Andrei G. Pakhomov
Dr. R. James Swanson

Exposure o f cells to a pulsed electric field (PEF) is th e basis o f m ultiple
techniques and treatm ents. Nanosecond pulsed electric field (nsPEF) poses unique
characteristics to induce subtle cellular effects w hile preserving cell integrity. Improving
understanding of the mechanisms triggered by nsPEF in cells inspires new applications
for the nanosecond pulse technology. Although m any effects of nsPEF remain unknown,
they can be inferred from morpho-physiologic changes, or cell reshaping, th a t
accompany nsPEF exposure. During the exposure cells undergo reshaping th a t is
manifested in swelling and diffuse blebbing. Recently we identified tw o new distinct
forms o f reshaping, pseudopod-like blebbing and microvesiculation, which are present
in cells exposed to long trains of nsPEF w ith high pulse repetition frequency (PRF).
Microvesiculation is known in activated and damaged cells, while pseudopod-like
blebbing has not been described previously. The objective o f this dissertation is to
characterize and establish the key mechanisms involved in these new nsPEF-induced
phenomena. Two specific aims o f th e dissertation are 1) to establish th e factors involved
in nsPEF-induced microvesiculation; and 2) to define pseudopod-like blebbing as a
function of pulse param eters and establish th e mechanisms underlying the form ation of
pseudopod-like blebs (PLBs). These aims are fulfilled through the analysis o f microscopy
data obtained from the nsPEF-exposed cells.using fluorescent labeling and
pharmacologic inhibition. The adapted labeling techniques take advantage o f the nsPEFinduced cell permeabilization to induce staining o f microvesicles and pseudopod-like

blebs (PLB). The results show th a t microvesiculation develops in HL60 and U 937 cells in
response to Ca2+ presence during nsPEF exposure. Microvesiculation does not depend
on colloid-osmotic swelling (COS). PLBs are produced in U 937 cells due to active
form ation o f actin cortex and require the absence o f Ca2+. Extension o f PLBs is triggered
and guided by nanosecond pulses w hile bleb grow th is fueled by w a te r uptake through a
COS mechanism. PLB retraction is produced by myosin contractility and can be coupled
to cell translocation.
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A rp 2 /3 - Actin-related p rotein2/3
ATCC - American Type Culture Collection
A T P a s e - adenosine triphosphate phosphohydrolase
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tetrakis(acetoxym ethyl ester)
Ca2+-c a lc iu m ion
CaM - calmodulin
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Cdc42 - cell division control protein 42
C 0 2 - carbon dioxide
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DIC - differential interference contrast
DM SO - dim ethyl sulfoxide
DNA - deoxyribonucleic acid
eGFP - enchanced green fluorescent protein
EGTA - ethylene glycol-bis(2-am inoethylether)-N,N,N',N '-tetraacetic acid
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GTPase - guanosine triphosphate phosphohydrolase
HEPES - 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid
H M W - high molecular weigh
JSP - jasplakinolide
K* — potassium ion
L A - latrunculin A
MLC - myosin light chain
MLCK - myosin light chain kinase
M L C P - myosin light chain phosphatase
m RNA - messenger RNA

M V - microvesicle
NA - numerical aperture
Na+-s o d iu m ion
nsPEF - nanosecond pulsed electric field
PEF - pulsed electric field
PEG - polyethylene glycol
PI - propidium iodide
PIP2 - phosphatidylinositol 4,5-bisphosphate
PLB - pseudopod-like bleb
PM T - photom ultiplier tube
PRF - pulse repetition frequency
PS - phosphatidylserine
R acl - Ras-related C3 botulinum toxin substrate 1
RNA - ribonucleic acid
ROCK - Rho-associated coiled-coil containing protein kinase
siRNA - small interfering RNA
WASP - W iskott-Aldrich syndrome protein
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CHAPTER I
INTRODUCTION

BACKGROUND
Electroporation is the phenom enon of tem porary or perm anent
permeabilization o f the living cells through exposure to short intense pulsed electric
field (PEF). Techniques based on electroporation m ade a considerable contribution to
research and medicine over the last several decades (1). Electroporation is em ployed for
cell fusion, intracellular delivery o f drugs and DNA, and even in food processing (2). In
clinics, non-therm al irreversible electroporation is used as a self-contained technique for
tu m o r ablation (3, 4). M eanw hile, reversible electroporation laid the foundation of
electrochem o- and electrogene therapy (5, 6). The m ultitude of PEF param eters - pulse
duration and amplitude, num ber o f pulses, frequency and others - provides suprem e
flexibility to tailor electroporation treatm ents for a specific purpose (7). M odern pulse
generators, including those using high E-field nanosecond and picosecond pulses, are
produced for a variety o f in vivo and in vitro applications and support a w ide range o f
pulse tre a tm en t regimens. This progress is yet to be m atched by th e fundam ental
understanding o f cellular effects o f electroporation and th e ir mechanisms.
Cell membranes are the main targets o f PEF-based techniques. Plasma
m em brane serves as an insulator and a barrier for the ion diffusion and w a te r transfer.
Living cells actively maintain transm em brane potential via form ation o f electrochemical
and concentration ion gradients betw een intra- and extracellular com partm ents.
Application of the external PEF th a t exceeds dielectric strength of th e cell m em brane electroporation threshold - produces conductive openings, or electropores. The size and
lifetim e of the electropores depend on a num ber o f factors, including buffer
composition, tem perature, cell physiology and PEF param eters.
The conjecture th a t PEF can induce a reversible "electrical breakdow n" in cell
m em brane was made over 50 years ago (8). Since then, m em brane
electropermeabilization has been shown for different pulse length and intensity (9 ,1 0 ).
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The discovery of physical plasma m em brane defects (11) supports th e notion of
electroporation as a phenom enon o f a transm em brane pore form ation.
Recent introduction and advancem ent of the nanosecond pulsed electric field
(nsPEF) research provide new opportunities to investigate m ilder less disruptive pulse
treatm ents (12). Similarly to PEF of conventional duration, exposure o f cells to nsPEF
causes electroperm eabilization of cell m em brane (1 3 ,1 4 ). However, in case o f nsPEF,
pulse delivery through high intensity bursts o f direct current with th e extrem ely short
durations results in a high power exposure w ith low therm al effect (15). Such exposure
produces less damage to the plasma m em brane and enables better preservation o f cell
integrity than the 'conventional' exposure to milli- and microsecond pulses.
Investigation of m em brane perm eabilization using nsPEF requires sensitive
electrophysiological techniques and fluorescent assays (16, 17). Unlike the pulses o f
milli- and microsecond duration, nanosecond pulses produce electropores w ith th e size
around 1 nm, or nanopores (18). These pores are relatively im perm eable to large
organic ions and molecules, but perm eable to small ions, such as alkali, bivalent cations
and w ater (1 2 ,1 8 ). Small size and relatively long lifetim e (5-10 minutes at room
tem peratu re) (17) of nanopores may be particularly useful fo r applications pursuing
non-lethal modification or stimulation o f cell function instead of irreversible
permeabilization and cell dialysis (19). Stimulation by nsPEF can be attained via such
mechanisms as Ca2+ uptake (20), m em brane depolarization (21) or w a te r entry (22).
Cells hardwired to respond to or take cues from these changes may react to nanopores
in a manner similar or identical to the original external biological stimulus (23).
Transmem brane signal transduction is essential for comm unication cells and
im m ediate or distant environm ent (24). In physiological settings cell signaling starts
from the outside via specific ligands (25) interacting with m em brane receptor proteins
coupled to selective transm em brane ion channels (26). Nanopores represent an
inducible and reversible alternative for transm em brane channel-m ediated ion
conductance and even share some characteristics w ith ion channels (27).
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Small cations, like Ca2+, are capable to activate cells even through relatively small
changes in th e cytoplasmic concentration (28). Ca2+ represents a promising m ediator of
nsPEF treatm ents, and the role o f Ca2+ in nanoporated cells starts getting increased
attention (29). Ca2+-m ediated stim ulation by nsPEF has already been dem onstrated in
chromaffin cells (30) and cardiomyocytes (31). Considering a central role o f Ca2+ in
m ultiple regulatory and signaling cascades, nsPEF tre a tm e n t may provide a tool to
produce Ca2+-dependent cell responses in a manageable and quantifiable way. Induction
o f th e transm em brane signaling through nsPEF is a powerful concept th a t may be
developed to stim ulate cardiac function, neurotransmission, secretion and other cell
functions. Such applications, how ever, would require b etter understanding o f the
intracellular pathways stimulated by nsPEF.
Currently the interpretations and predictions of electroporation effects in cells
are largely based on the cell circuit model (8), lattice model (32), experim ents on planar
lipid bilayers (33) or giant unilam elar vesicles (34), and molecular dynamics simulations
(35). These models, particularly on short tim e intervals, help to infer th e behavior o f
pores in m ore complex systems like cells. But in cells electroporation, besides the
im m ediate effects on m em brane, triggers secondary biological effects. These effects
start shaping cell response consistently w ith cell physiology and function soon a fte r the
pulse exposure begins. Secondary biological effects may develop due to the signaling
triggered by m em brane depolarization and stretching, the weakening o f m em branecytoskeleton adhesion, Ca2+ uptake and cell swelling.
Swelling is the earliest and the most apparent m anifestation o f electroporation.
Although swelling does not necessarily indicate irreversible damage, it may counteract
th e recovery, e.g., by depleting ATP (36). Due to the presence of polyvalent nondiffusible organic anions and large organic molecules mammalian cells are constantly
threatened by colloid osmotic swelling (COS), also known as isosmotic swelling (37). In
th e intact cells osmotic balance and cell volum e are preserved due to th e activity of
m em brane pumps (38). Disruption of m em brane by nsPEF produces th e increase in
perm eability o f the diffusible ions and th e decrease in ion gradients (39).
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The schematic below (Fig. 1) illustrates th e distribution of pore-perm eable and
pore-im perm eable ions across th e cell m em brane. Initially the total osm olality o f solutes
on both sides of the cell m em brane is at equilibrium and there is no net flow o f w a te r
across the cell m em brane. After electroperm eabilization, small ions (mostly Na+) from
th e extracellular buffer rush inside the cell down th e concentration and electrochemical
gradients. M eanw hile, intracellular small ions (mostly K+) leave the cell. Large
intracellular osmolytes, th a t are to o large to escape the cell through nanopores, create
excessive intracellular osmolality. Another aspect o f isosmotic imbalance is caused by
th e predominance o f extracellular com partm ent over intracellular com partm ent. Due to
a relatively large volume, experim ental buffer provides a virtually inexhaustible pool of
Na+. Thereby, the inflow o f Na+ into the cells has no effect on Na+ concentration in
experim ental buffer, but the inflow increases Na+ concentration inside the cell, as long
as the nanopores remain opened. M eanw h ile, small am ount of solutes leaving th e cell
gets diluted in the large buffer volum e and has no effect on the buffer osmolality.
Equilibration of ions through nanopores results in the net flow of w a te r inside th e cell
and in COS. In cells exposed to nsPEF, COS can be inhibited by a partial substitution o f
NaCI of experim ental buffer for an equiosmolar am ount o f high m olecular w eight
(H M W ) osmolyte. If the size of the extracellular H M W molecules exceeds th e size o f
nanopores, such molecules act as effectively m em brane-im perm eable solutes th at
retain w ater in the extracellular com partm ent. Solutes like sucrose or polyethylene
glycol (PEG) can inhibit or revert the inward w ater flow and prevent cell swelling.

PRELIMINARY STUDIES
W e observed and investigated tw o new phenom ena - pseudopod-like blebbing
and microvesiculation - th a t are triggered by high pulse repetition frequency (hjgh-PRF)
nsPEF and presumably represent secondary biological effects of electroporation. These
phenom ena cannot be explained based on th e fram ew ork o f electroporation theory.
They may indicate the activation o f physiological mechanisms associated w ith prim ary
cell function. Although pseudopod-like blebbing and microvesiculation represent
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Mechanism of colloid-osmotic swelling. (A). Intact cells m aintain isosmotic

equilibrium betw een the cytoplasm and the experim ental buffer. The cell m em brane is
im perm eable to w ater. (B) Nanopores disrupt the integrity o f the m em brane barrier;
extracellular small ions enter the cell, w hile large intracellular osmolytes remain trapped
inside the cell. This osmotic imbalance results in the net inward w a te r flow . (C) COS is
inhibited or reversed by a partial substitution o f NaCI in the experim ental buffer for
equiosmolar am ount o f high molecular w eight (H M W ) osmolytes, like sucrose and PEG.

dramatic changes in cell physiology, th e y develop w ithout cell dialysis and are
accompanied by just a minor propidium uptake. Preliminary studies helped to identify
morpho-physiological changes in nsPEF-treated cells and establish th e main factors o f
their developm ent. The methods described below w ere employed to induce and
investigate swelling, diffuse and pseudopod-like blebbing, and microvesiculation. The
other techniques th at are used throughout this work will be discussed in the
corresponding chapters.

MATERIALS AND METHODS
Cell lines and propagation
The effects of nsPEF w ere studied in human histiocytic lymphom a monocytes
(U937) and acute leukemia T- lymphocytes (Jurkat E6-1). The cells w ere obtained from
ATCC (Manassas, VA) and propagated at 37 °C with 5% C 0 2 in humidified air. M edium
and its components w ere purchased from M ediatech Cellgro (Herdon, VA) except for
serum that was purchased from Atlanta Biologicals (Norcross, GA).

6

Experimental buffers and chemicals
The experim ental buffer was a standard Ringer saline, containing (in m M ) 135
NaCI, 5 KCI, 2 MgC^, 2 CaCl2 , 10 HEPES, 10 D-glucose, 2 CaCl2 (Ca2+-containing buffer) or
2 Na-EGTA (Ca2+-free buffer), osmolality 290 m O sm /kg and pH 7.4. The swelling
inhibiting osmolytes w ere added to th e form ulation of experim ental buffer or
substituted for an equiosmolar am ount o f NaCI. Propidium iodide (PI) was added to the
concentration o f 5 pg/m l. Chemicals w ere purchased from Sigma-Aldrich (St. Louis, M O ).
NsPEF exposure of cell suspension
Cells w ere counted and harvested in th e mid-log growth phase, pelleted by a
centrifugation and resuspended in the experim ental buffer. Cell suspension was
dispensed into conventional electroporation cuvettes w ith a 2-mm gap betw een the
electrodes (BioSmith Biotech, San Diego, CA) and exposed to nsPEF at th e room
tem peratu re (21-24 °C). 60 ns pulses w ere produced by a Blumlein line generator (Fig.
2); the E-field in the cuvette was calculated by dividing th e applied voltage by the gap
distance. Pulse am plitude and shape w ere m onitored using a Tektronix TDS 3052B
oscilloscope. Control cells w ere subjected to identical manipulations but w ith o u t nsPEF
delivery. Hereinafter, pulse equipm ent was operated in accordance w ith th e tenets of
Old Dominion University Center for Bioelectrics m andatory high-voltage safety training.
For the experim ents using a m icroplate reader exposed cells w ere aliquoted in
triplicates into a 96-w ell plate im m ediately after pulse treatm ent. Propidium
fluorescence in wells was measured at 5 90 nm on Synergy 2 microplate reader (BioTEK,
Winooski, VT) 6 0 minutes after the tre a tm en t. Fluorescence values in th e exposed and
control samples w ere normalized to the detergent-lysed samples (0.01% digitonin). For
the experiments using cell counter a sample from nsPEF-treated cell suspension was
im m ediately loaded into a slide of the autom ated cell counter Cellom eter Vision
(Nexcelom Bioscience LLC, Lawrence, M A ) with 595 nm fluorescence detection.
NsPEF exposure of individual cells and cell microscopy
Cells in culture medium w ere transferred onto glass coverslips coated w ith polyL-lysine and w ere allowed to settle. A fter th e m inim um of 30 minutes cells w ere briefly

7

Fig. 2.

Experimental setup for exposure o f cell suspension. (A) The setup fo r applying

nsPEF to biological cells in suspension consists o f a high voltage generator, coaxial
transmission lines and an applicator with cuvette holder. (B) The cuvette placed for
pulse tre a tm e n t holds a volum e o f 400 pi, it consists of tw o plane parallel alum inum
electrodes with th e gap distance o f 2m m.

washed in experim ental buffer and transferred into a glass-bottomed cham ber (W arner
Instruments, Hamden, CT) m ounted on the Olympus 1X81 inverted microscope (Olympus
America, Center Valley, PA) equipped w ith th e FV1000 confocal laser scanning 4-channel
system (Fig. 3).
Nanosecond pulses w ere delivered to a selected group of 1-6 cells w ith a pair of
custom made tungsten rod electrodes (0.08 mm diam eter, 0.15 mm gap) w ith th e help
o f a robotic m icrom anipulator (M P-225, Sutter, Novato, CA). The electrodes w ere
positioned at 50 pm above the coverslip surface so th at th e selected cells w e re in th e
middle o f a gap betw een their tips (Fig. 4). Nearly rectangular 60-ns pulses w ere
generated in a transmission line-type circuit, by closing a metal-oxide-semiconductor
field-effect transistor (MOSFET) switch upon a tim ed delivery o f a transistor-transistor
logic (TTL) trigger pulse from pCIamp softw are via a Digidata 1322A outpu t (MDS, Foster
City, CA). The exact nsPEF delivery protocol and synchronization of nsPEF delivery w ith
the image acquisitions w ere programmed in pCIamp. The E-field betw een th e electrodes
was determ ined by 3D simulations with a finite elem ent M axwell equations solver
Amaze 3D (Field Precision, Albuquerque, N M ). The exact electric pulse shapes and
amplitudes w ere captured and measured w ith a Tektronix TDS 3052 oscilloscope.
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Experimental setup for nsPEF exposure o f individual cells. (A) A schematic

illustrating the relative position of th e cells, microscope objective and pulse-delivering
electrodes. (B) An actual view of pulse electrodes and experim ental cham ber affixed
over the microscope objective. (A) is a courtesy of Dr. Bennett Ibey.
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NsPEF exposure o f U937 cells on a cover slip. The electric field is practically

uniform (+ /-1 5 % ) within the area bordered by the dashed line. The inset shows the
waveform o f a single 60 ns electric pulse. For a 400-V pulse (shown), th e E-field w ithin
the dashed area is about 12 kV/cm.
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GWIZ eGFP plasmid transfection o f U937 cells
Transfection was perform ed in accordance with Old Dominion University
research compliance requirem ents and w ith permission (IBC #13-010). EGFP gene was
cloned into m am malian expression vector gWiz Blank 5.1 kB (Genlantis, San Diego, CA)
and purified using the EndoFree plasmid kit (Qiagen, Venlo, Netherlands). U 937 cells
w ere seeded in Petri dishes with coverslips at 5 x1 0 s cells in 3 ml o f full RPMI 1640
m edium one night before transfection. The m edium was removed before th e
transfection and added after the incubation with transfection reagent. For transfection,
1 pg of plasmid DNA was mixed and incubated w ith LipoFect® (Qiagen) and RPMI 1640
w ithout fetal bovine serum and antibiotic according to supplier's protocol. A fter 5m inute incubation at room tem perature, transfection m ixture was added to cells. In 2448 hours cells w ere washed and prepared fo r microscopy.
Statistical analysis
H ereinafter, statistical analysis was perform ed in SPSS 17.0 (SPSS Inc., Chicago,
IL). Significance was determ ined using a paired t-test with Bonferroni correction w here
appropriate. A p value o f <0.05 was considered significant.

RESULTS
Experimental findings on cell swelling
The presence of sucrose reduces propidium emission from Jurkat E6-1 cell
suspension exposed to nsPEF (i.e., 60 ns 30 kV/cm 1 Hz 30 p). The presence o f sucrose
significantly inhibited propidium emission 60 m inutes after th e exposure. The effect o f
inhibition is m ore pronounced in the higher sucrose concentrations (Fig. 5). Each
datapoint designates a percentage o f propidium emission relative to a positive control
w ith 0.01% digitonin. Addition o f an equiosm olar am ount o f NaCI rather than sucrose to
th e experim ental buffer serves as a negative control. Similar findings are accurate for Nacetylcysteine, oxidized and reduced glutathione, PEG 400 and 1000 (not shown).
To test w hether propidium uptake is inhibited due to swelling suppression, w e
measured the num ber of cells th at remain intact (propidium -negative) after nsPEF
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Fig. 5. The presence o f sucrose inhibits propidium emission from nsPEF-treated Jurkat
cells. Addition o f sucrose to the experim ental buffer results in a concentrationdependent decrease o f propidium fluorescence from the pulse-exposed cell suspension
(60 ns 30 kV/cm 1 Hz 30 p). The emission is measured 60 min after the tre a tm e n t.

exposure. Im m ediately after the exposure cells w ere diluted with the experim ental
buffer (negative control) or experim ental buffer containing H M W osmolytes.
Substitution of 60 mOsm/kg o f NaCI for eith er sucrose or PEG 1000 significantly
increases the am ount of Pl-negative cells and inhibits cell swelling (Fig. 6).
These findings suggest a connection betw een the cell swelling and propidium
entry; however, th e m anner in which the entry occurs remained unclear. In order to
establish it w e m onitored the tim e course o f propidium uptake microscopically in
individually exposed cells (i.e., 600 ns 6.3 kV/cm 1 Hz 20 p). The tre a tm e n t o f cells w ith
nsPEF causes tw o distinct type of propidium uptake (Fig. 7).
The first type, or transient uptake, is a m odest uptake registered during and after
the nsPEF exposure. The second type, or delayed uptake, is an intense uptake th at
occurs after the end o f exposure in the considerably swollen cells. Although the
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Inhibition of swelling and propidium uptake in the presence o f pore-

im perm eable osmolytes. A fter nsPEF tre a tm e n t (3 0 0 ns 9 kV/cm 10 Hz 750 p) U937 cells
w ere placed in experim ental buffer (control) or th e buffers containing 60 m O sm /kg of
sucrose or PEG 1000 instead of equiosmolar am ount of NaCI. Cell size was m easured
im m ediately before the tre a tm en t, and 10, 30 and 6 0 min after the tre a tm e n t. The
num ber of Pl-negative cells measured at 60 min is increased in the presence o f sucrose
and PEG 1000.

transient uptake is not inhibited by the addition of H M W osmolytes, delayed uptake is
effectively prevented by th e addition o f 60 m O sm /kg o f eith er sucrose or PEG 1000.
The phenom enon of pseudopod-like blebbing
In U937 cells the exposure to high-PRF nsPEF (e.g. 6 0 n 12.1 kV/cm 20 Hz 3 6 0 0 p)
in a Ca2+-free buffer initiates a form ation o f giant m em brane protrusions th a t extend up
to several multiples of a cell diam eter (Fig. 8). The extension o f protrusion starts 4 5 -6 0
second after th e initiation of exposure and proceeds tow ards the anode. Such
protrusions often retract after the end o f exposure. Cytochalasin D (1 n M ) com pletely
prevents the form ation o f these protrusions.

12

■
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B
Experimental buffer

Buffer w ith PEG 1000

Fig. 7. Transient and delayed modes o f propidium uptake in nsPEF-exposed U937 cells.
Each panel tracks propidium uptake in individually-num bered cells exposed (600 ns 6.3
kV/cm 1 Hz 20 p) in experim ental buffer (left panel) or buffer with 60 m O sm /kg PEG
1000 (right panel). In each panel cells on the left (0 s) are the intact cells, and the cells
on th e right (600 s) are the same cells 10 min a fte r the initiation of exposure.
Kymographs in the middle o f each panel are constructed from the tim e-lapse movies of
propidium uptake measured across th e central section o f each individually-num bered
cell. Exposure to nsEP in experim ental buffer leads to swelling accompanied by gradual
and then abrupt propidium uptake. Abrupt uptake is produced by m em brane rupture.
The inhibition o f swelling w ith PEG 1000 prevents abrupt but not transient propidium
uptake.

NsPEF exposure causes microvesiculation
Exposure o f HL60, U937 or Jurkat cells to the high-PRF nsPEF (e.g., 60 ns 12
kV/cm 20 Hz 1200 p) in the Ca2+-containing buffer induces th e form ation o f
microvesicles (MVs). Formation and detachm ent o f th e first MVs starts approxim ately
after 30-45 seconds of exposure and is usually preceded by intense diffuse blebbing (Fig.
9). Several minutes after the exposure M V form ation and detachm ent stops, w hile some
MVs may remain attached to considerably swollen cells.
Transfection of U937 cells with a plasmid encoding enhanced green fluorescent
protein (eGFP) leads to accumulation o f th e fluorescent product in th e cell cytoplasm.
Exposure of transfected cells to nsPEF leads to shedding o f fluorescent m em branebound MVs, indicating the capture of cell cytoplasm and eGFP into the M V (Fig. 10).
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Nanosecond pulsed electric field exposure triggers and guides form ation o f

anodotropic pseudopod-like blebs. U937 cells are shown at selected tim epoints during
and after nsPEF exposure (60 ns 12 kV/cm 20 Hz 2400p; 0 to 119 s) in Ca2+-fre e buffer.
PLBs nucleate at 30 s and extend tow ard anode (+) throughout the exposure. The anode
(+) and cathode (-) directions are shown only on those images that w ere taken during
nsPEF treatm en t. After the end o f pulse train (120 s), PLBs m ay keep growing for a short
while but in arbitrary direction (180 s); then retract (360 s).

DISCUSSION
Exposure o f mam malian cells to nsPEF leads to swelling through a colloidosmotic mechanism. Swelling can be inhibited by a w ide range of substances which
molecular size exceeds the size o f pores. The fact th a t swelling is inhibited by various
substances in a concentration-dependent m anner suggests th a t the inhibitory effect is
caused by the colligative property o f the experim ental buffer rather than by specific
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Developm ent of microvesiculation in HL60 cells exposed to high-PRF nsPEF.

Representative fram es o f tim e series illustrate form ation and detachm ent o f
microvesicles at different timepoints during and a fte r the exposure (60 ns 12 kV/cm 20
Hz 1200 p; 0 to 59 s) in Ca2+-containing buffer. First submicron microvesicles detach 3040 s after th e exposure (arrows) and are com m only preceded by diffuse blebbing (30120 s). Larger microvesicles (arrowheads) are comm only form ed after the exposure (120
- 420 s). The anode (+) and cathode (-) directions are shown only on those images th a t
w ere taken during nsPEF treatm ent.

effects o f a particular substance. The m onitoring of m em brane perm eability using PI
reveals tw o modes of PI uptake. The transient uptake is insensitive to the presence o f
H M W osmolytes and presumably represents a direct effect o f electroperm eabilization.
The delayed uptake can be effectively inhibited by H M W osmolytes and presumably
develops secondarily due to swelling. A significant am ount o f propidium entering cells
during the delayed uptake indicates plasma m em brane rupture and cell lysis.
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Fig. 10.

EGFP-containing microvesicles released from U937 cell exposed to nsPEF.

Selected fram es dem onstrate the form ation (arrowheads) and shedding (arrows) o f
fluorescent microvesicles from U937 cell transfected w ith eGFP-plasmid. Cell is exposed
in Ca24-containing buffer to continual high-PRF nsPEF (e.g., 60 ns 12 kV/cm 20 Hz 5000
p) throughout the length o f the recording. PM T settings are biased tow ards m axim um
sensitivity to capture relatively low fluorescence signal from the detaching MVs.

Blebbing is manifested by form ation o f rounded bulges on th e cell m em brane.
Cells exposed to electric pulses (40), ionophores (41, 42) and pore-form ing toxins (43)
commonly exhibit blebbing. W e established a new form o f blebbing, pseudopod-like
blebbing, triggered by high-PRF nsPEF in the absence of Ca24 in the experim ental buffer.
Pseudopod-like blebbing is com pletely prevented by CD indicating th a t PLB form ation
requires polymerization o f the globular actin into fibrils. Unilateral and directional
pattern of PLBs suggests th at conditions necessary for bleb form ation exist on th e
anodic cell surface. W e considered the possibility o f electrophoretic effect described for
nanosecond pulses (44). However, an extrem ely short duty cycle (one 60 ns pulse in 50
ps) and the Brownian motion make electrophoretic advancing of th e protrusion unlikely.
The mechanisms o f pseudopod-like blebbing are discussed in chapters 3 and 4. In th e
presence of Ca2+, exposure to high-PRF nsPEF o f HL60, U937 and Jurkat E6-1 cells
triggers microvesiculation th at is commonly preceded by diffuse blebbing.
Microvesiculation is manifested by the form ation and fission o f small (300 nm 5 pm) m em brane vesicles, or microvesicles (M Vs) (45-49). MVs are norm ally shed by the
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most m am malian cell types. Until recently they have been considered an inert debris
(50). However, MVs are now view ed as th e intercellular "macromessengers" due to
their large transport capacity (51). Microvesiculation is reviewed and discussed in
chapter 2. In U937 cells the change from pseudopod-like blebbing to microvesiculation
occurs due to th e presence o f Ca 2+. The addition o f Ba2+ instead o f Ca2+ in the
experim ental buffer does not prevent pseudopod-like blebbing and does not trigger
microvesiculation (not shown), suggesting that these effects specifically require Ca2+ and
not just any bivalent cation.

SPECIFIC AIMS
In order to establish the fram ew ork for investigation of pseudopod-like blebbing
and microvesiculation w e introduce a concept o f cell reshaping which encompasses
secondary morpho-physiological changes in cells exposed to nsPEF. Such changes occur
during or im m ediately after th e pulse tre a tm en t and reflect activation of mechanisms
unassociated w ith cell damage. W e distinguish fo u r forms o f cell reshaping th a t can be
observed in the m am m alian cells permeabilized by nsPEF. The first tw o , swelling and
diffuse blebbing have been described previously (27, 40), w hile pseudopod-like blebbing
and microvesiculation are the newly established effects o f nsPEF. W e hypothesize th a t
th e mechanisms producing different forms of cell reshaping are determ ined by a
combination of pulse parameters, w ater and Ca2+ uptake. W e further postulate th a t cell
reshaping reflects activation o f the nsPEF-triggered physiological mechanisms th at
determ ine m ultiple cellular effects of exposure. Such an approach will help to in terp ret
the nsPEF-induced phenomena and produce new applications for th e PEF-based
techniques. Specifically w e proposed to:
Specific Aim 1. Establish th e factors involved in nsPEF-induced
m icrovesiculation. Here w e will identify th e changes in microvesiculation process during
nsPEF exposure in the buffers w ith or w ithout a Ca2+. W e w ill also address th e COSdependent effects of electroperm eabilization in th e form ation of microvesicles.
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Specific Aim 2. Define pseudopod-like blebbing as a function o f pulse
param eters and establish the mechanisms underlying th e form ation o f pseudopod-like
blebs. Here w e will elucidate w hat pulse param eters are essential fo r the PLB form ation
and w hat mechanisms are induced in this type o f reshaping.
Investigation of cell reshaping will improve our understanding o f a complex
interplay betw een pulse param eters, exposure conditions and cellular context. The
understanding o f such interaction will refine current theoretical backbone o f
electroporation phenomenon and will allow to achieve th e desirable effects of
electroporation with b etter precision.

SIGNIFICANCE
Early findings speculated th a t electric field exposure is able to produce
m em brane protrusions (52) and m em brane fission (53); however, mechanisms driving
these observations w ere attributed to prim ary effects of electric field on structural
components o f cells. Complex and coordinated phenom ena o f microvesiculation and
pseudopod-like blebbing discovered in nsPEF-exposed cells cannot be explained
exclusively by the primary field effects. The research on blebbing and microvesiculation
in different areas such as microbiology (54), hem atology (46), m em brane repair (55) and
cancer (56) highlights the biological origins o f these phenom ena.
Electropermeabilization has been extensively studied in model systems and in
silico. However, results obtained w ith these methods cannot be extrapolated to
im m ediate secondary effects of perm eabilization. Such effects bear considerable
biological com ponent m anifested in different forms o f cell reshaping, th e biological
effects th a t fall outside th e conceptual fram ew ork o f electroporation theory.
Along with chemical and biological agents nsPEF provide a unique research tool
for the investigation of m em brane perm eabilization. For th e first tim e, the approach to
investigation of electroperm eabilization by nsPEF takes into consideration the
background accumulated from the research on permeabilizing agents and cytoskeleton
regulation. Cytoskeletal reactions to electroporation are addressed in a num ber o f
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studies (57-59) but the mechanisms causing them rem ain inconclusive. The investigation
o f the cytoskeleton rearrangem ents involved in pseudopod-like blebbing will elucidate
the essential mechanisms operating in cells with challenged m em brane integrity.
Electroporation offers a new approach to th e production o f microvesicles th a t
belong to a larger fam ily o f extracellular vesicles (ECVs). ECVs have drawn attention
because o f the increasing understanding o f their role in intercellular com m unication
(60). Vesicles transport and deliver to cells various bioactive molecules, such as proteins
and miRNAs (61, 62). Vesicles produced by nsPEF retain a portion o f m em brane and
cytoplasm of the producing cell and, as shown w ith eGFP, can be loaded w ith
recom binant protein. M odification o f surface molecules (63) and introduction o f homing
molecules in the cell m em brane (64) can enable targeting o f shed M Vs making ECVs a
tem pting target o f cell engineering. In this case, nsPEF technology can provide a flexible
tool for controllable and non-chemical production o f delivery vesicles for clinical and
biotechnological uses. M oreover, nsPEF approach may be advantageous in applications
th at currently rely on biological perm eabilizing agents for cell stimulation (65, 66).
Finally, pulse-induced microvesiculation should be considered in clinical applications of
electroporation-based treatm ents.
The m ultitude of pulse param eters offers a variety o f ways to optim ize cell
exposure. The biological significance of nsPEF param eters was recently shown for the
selective cytotoxicity (67) and the electroporation-induced electrosensitization (68). The
role of pulse parameters such as repetition frequency is now evident in pseudopod-like
blebbing and microvesiculation. Identification of th e biological constituents o f m orphophysiological changes and their interplay w ith nsPEF may help to delineate biologically
relevant pulse param eters and provide guidance fo r a b etter m anagem ent o f th e nsPEF
tre a tm en t outcomes.
Overall, this work will investigate th e mechanisms and further advance our
knowledge about new nsPEF-based phenom ena. Characterization o f the reshaping will
extend the theoretical basis of electroporation, m em brane and cytoskeleton dynamics,
and will contribute to the application potential of nsPEF technology.
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CHAPTER II
MICROVESICULATION IN CELLS EXPOSED TO NANOSECOND PULSED ELECTRIC FIELD

INTRODUCTION
Preliminary studies showed th a t in th e presence o f Ca2+ several hem atologic cell
lines, i.e., HL60, Jurkat and U937, produce and release ECVs when exposed to high-PRF
nsPEF (e.g., 60 ns 12 kV/cm 20 Hz 1200 p). Form ation o f ECVs in hem atologic cells is
considered a hallm ark o f cell activation or cell damage (69, 70). ECVs w ere initially
described as by-products in human plasma preparations, or "platelet dust" (71). In th e
literature, these ECVs are referred to as "microparticles" or "microvesicles". Sometimes
both term s are used interchangeably causing confusion (72). "Microparticles" is a
common te rm for clinical research, i.e., hem atology and immunology (50) w h ere these
vesicles are recognized for their role in coagulation, inflam mation (73) and vascular
homeostasis (74). The term "microvesicles" is m ore comm on in basic research, w here
MVs are recognized for m ediatory role in cancer and stem cell regulation (75, 76). In
order to avoid confusion w ith clinical research term inology w e will refer to nsPEFinduced ECVs as "microvesicles" (MVs).
ECVs are represented by a heterogeneous vesicle populations divided into three
main types based on their size and biogenesis. Apoptotic vesicles, or bodies, are
produced through fragm entation o f cytoplasm in cells undergoing apoptosis. These
vesicles range in size from 0.5 pm to 5 pm, and usually have an irregular shape (77).
Apoptotic bodies commonly contain nuclear m aterial, organelles and a variety o f cell
proteins. Microvesicles, also known as microparticles or ectosomes, constitute an
interm ediate population o f ECVs that ranges in size from 100 nm to 1-2 pm (78). These
vesicles are produced through the outw ard budding o f plasma m em brane and
commonly carry cell cytoplasmic and surface proteins. Although resting secretion o f
microvesicles is common to most m am malian cells, some cells increase secretion
intensity in response to stimulation. Exosomes are th e smallest population o f ECVs with
th e size ranging between 40 nm and 100 nm (79). Exosomes are produced in the
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Fig. 11. Three main types of extracellular vesicles. Apoptotic bodies (left), the largest
type of ECVs, are form ed through cytoplasm fragm entation o f apoptotic cells. Such
vesicles range from 0.5 pm to 5 pm and com m only contain DNA, histones and o th er
nuclear m aterial. Microvesicles (middle) are form ed through mem brane budding and
fission. They range in size betw een 100 nm and 1-2 pm and contain a variety of
cytoplasmic and m em brane proteins. Exosomes (right), th e smallest population o f ECVs
(40-100 nm) originate from intracellular multivesicular bodies and com m only contain
endosomal proteins. Adapted with permission from Kooijmans SA et al., 2012 (80).

endocytic recycling pathway w here they are enclosed w ithin multivesicular bodies
W hen multivesicular bodies fuse with the cell m em brane, exosomes release into
extracellular space. The common cargo o f exosomes is cytosplasmic proteins and
signature surface markers. Three classes of ECVs, th e ir biogenesis and cargo are
summarized in Fig. 11.
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In Chapter I w e discussed th e potential of M Vs in biotechnology and th e benefits
of nsPEF for their production. Considering th e role o f ECVs in intercellular
communication and the advancem ent o f electroporation-based treatm ents, pulseinduced microvesiculation requires further investigation. Microvesiculation may have
implication for in vivo electroporation, e.g., through causing dissemination o f tu m o r
oncogene products (81) afte r electroporation-based cancer therapy, or increasing
availability of tum o r antigens for th e im m une system.
Further investigation of nsPEF-induced MVs requires their characterization using
sensitive labeling techniques. Current labeling techniques adapted for th e studying o f
large vesicle populations often suffer from the lack o f sensitivity and specificity o f th e
detection (82). M oreover, such techniques yield little information on th e course of
microvesiculation in individual cells. Here, w e adapted a labeling approach using FM 1-43
for nsPEF-induced M V detection. FM 1-43 is a lipophylic styryl dye used for labeling o f
endosomes and synaptic vesicles. In nsPEF-treated cells, FM 1-43 readily incorporates
into disturbed lipid bilayer (44, 83) elim inating the need fo r cell preloading. W e
dem onstrate th at this approach can be used to establish and characterize th e
underlying factors of pulse-induced microvesiculation.

MATERIALS AND METHODS
Cell line and propagation
Cell line Jurkat E6-1, HL60 and U937 w ere obtained from ATCC (M annanas, VA).
Cells w ere propagated at 37°C in air and 5% C 0 2 in accordance with th e supplier's
recommendations. Growth medium RPMI 1640 w ith L-glutamine was supplem ented
w ith 10% fetal bovine serum and penicillin/streptom ycin. Fetal bovine serum and
penicillin/streptomycin w ere obtained from Atlanta Biologicals (Norcross, GA) or
M ediatech Cellgro (Herndon, VA). Before th e experim ent, cells were transferred into a
Petri dish with glass fibronectin-covered glass coverslips (Neuvitro Corporation, El
M onte, CA). Cells w ere left in full growth medium fo r at least 30 minutes prior to
experiments.
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Experimental buffers, chemicals and fluorescent dyes
Experimental buffers contained (in m M ) 135 NaCI, 5 KCI, 4 MgCI2, 10 HEPES, 10
glucose and 2 CaCI2 (for Ca2+-containing) or 2 Na-EGTA (for Ca2+-free), pH 7.4, osmolality
290 mOsm/kg. The buffer for COS inhibition contained 90 m M o f sucrose and 90 m M of
NaCI (instead o f 135), with no changes made to the concentrations o f other
components, pH or osmolality. FM 1-43 was added to th e experim ental buffer to the
final concentration o f 1 pg/m l. Annexin-V FITC and FM 1-43 w ere purchased from
Invitrogen (Eugene, OR), DiD was obtained from Biotium (Hayway, CA). O ther chemicals
w ere purchased from Sigma-Aldrich (St. Louis, M O ).
Nanosecond pulse exposure
Individual HL60 cells w ere exposed to nsPEF (i.e., 60 ns 12 kV/cm 20 Hz 1200 p;
treatm en t duration 60 s) using a pair of custom tungsten rod electrodes (84). Electrode
positioning, pulse generation and delivery, and E-field calculations w ere perform ed as
described in Chapter I. Experiments included appropriate controls in which cells w ere
subjected to identical manipulations but w ithout nsPEF delivery ("sham " exposures).
Data acquisition and image analysis
For tim e-lapse imaging, a suspension o f HL60 cells in full growth m edium was
transferred into a Petri dish w ith fibronectin coated coverslips (Neuvitro Corporation, El
M o nte, CA). Petri dish was left in the incubator for at least 30 minutes to allow cells to
settle onto a coverslip surface. Before imaging, the coverslip was gently washed in the
experim ental buffer and transferred onto th e microscope. Image recording was
perform ed in a glass-bottomed chamber (W arner Instrum ents, Ham den, CT) m ounted
on 1X81 motorized inverted microscope (Olympus, Center Valley, PA). Digital images o f
microscopic fields in DIC and fluorescent channel w ere acquired through a 40x dry
objective (NA 0.95). Acquisition was perform ed using a FV1000 confocal laser scanning
system (Olympus). Images w ere taken at regular intervals o f 5 seconds. Recordings
started concurrently with a l^m inute nsPEF tre a tm e n t and continued fo r 10 min. All
experiments w ere perform ed at a room tem peratu re of 2 1 -2 4 °C. Cell images w ere
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acquired using FluoView v. 3.1 (Olympus) and quantified in M e ta M o rp h v. 7.7
(M olecular Devices, Sunnyvale, CA) software.
Quantification of microvesiculation
M V form ation was quantified using th e clntegrated M orphom etry Analysis>
function in M e ta M o rp h 7.7. To determ ine threshold values that discriminated FM 1-43stained MVs from the background, blank areas in fram es captured before
microvesiculation w ere used as a reference to determ ine intensity range o f background
noise. FM 1-43-positive pixels w ere detected using th e appropriate cinclusive threshold>
function. Single-pixel objects w ere excluded from analysis regardless o f the intensity
value. Every isolated cluster o f pixels with th e size betw een 300 nm (2 pixels) and 5 pm
was defined as one object. The num ber of objects and their diam eter w ere analyzed in
each fram e. The first 7 fram es (30 seconds) during which FM 1-43 entered and
distributed within the cell m em brane w ere om itted from analysis.

RESULTS
NsPEF exposure causes microvesiculation
During the first 30 seconds o f nsPEF tre a tm e n t cells exhibit rounding and
swelling. Swelling is comm only accompanied by diffuse blebbing throughout the w hole
cell surface. Formation and detachm ent of th e first MVs starts approxim ately a fte r 3045 seconds o f exposure. Microvesiculation intensity increases along w ith the size of
form ed MVs further into pulse tre a tm en t (Fig. 8). Initially MVs that pinch o ff the cell
surface are smaller than 1 pm and hardly detectable via DIC microscopy; however, later
in the observation th e size o f MVs increases and reaches 1-5 pm. Several m inutes after
th e exposure M V form ation and detachm ent stops, w hile some MVs m ay remain
attached to now considerably swollen cells.
M em brane tethering
Pulse exposure of HL60 is occasionally accompanied by form ation o f thin
m em brane projections (tethers) th at sprout from th e cell surface and m ay contain
attached MVs (Fig. 12). Tethers have never been observed in Ca2+-free buffer suggesting
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Fig. 12.

Formation o f m em brane tethers during exposure o f HL60 cells to high-PRF

nsPEF. Representative frames o f the tim e series illustrate th e developm ent of
m em brane tethers in an individual cell. Tethers represent filam entous m em brane
structures extending in different directions from th e cell surface during the pulse
tre a tm en t (60 ns 12 kV/cm 20 Hz 1200 p; 0 to 59 s). Clusters of microvesicles are
attached to a common te th e r trunk (190 s). M em brane tethering requires th e presence
o f Ca2+ and develops simultaneously w ith microvesiculation suggesting the com m onality
o f form ation mechanisms. The anode (+) and cathode (-) directions are shown only on
those images th at w ere taken during nsPEF tre a tm en t.

th at Ca2+-dependent mechanisms may be involved in th e ir form ation. Although the
origin of tethers is uncertain, th e presence o f M V clusters on them suggests th a t
tethering and microvesiculation may have common underlying mechanisms.
Fluorescent labeling o f microvesicles
Fluorescent labeling provides superior contrast and straightforward M V
detection. Several dyes th a t are widely used in vesicle and m em brane research annexin V-FITC, DiD and FM 1-43 are considered for this purpose. The ideal probe should
provide a uniform and sustainable m em brane labeling th a t is insensitive to experim ental
buffer composition. Annexin V-FITC, a phosphatidylserine (PS) probe th a t is the most
common in microvesicle and microparticle research, demonstrates labeling o f nsPEFinduced MVs; however, the binding o f annexin V-FITC to PS strongly depends on the
presence of extracellular Ca2+ (85). Another problem w ith annexin V-FITC labeling is the
dependence on PS level th at varies among vesicles (86). Lipophylic carbocyanine probe

Fig. 13.

F M l-43-based detection o f microvesicles in HL60 ceils. The advantage o f FM 1-

43 contrast over DIC for th e detection o f microvesicle is illustrated in th e images o f the
corresponding DIC (A) and fluorescence (B, C) channels. The images represent a single
fram e taken during microvesiculation after the exposure to nsPEF (60 ns 12 k V /c m / 20
Hz 1200p). (A) Low M V contrast and shallow focal plane prevent detection and reliable
size m easurem ent of microvesicles. (B) Image from fluorescent channel o f th e same
fram e demonstrates the distribution o f FM 1-43 in th e m em brane o f th e cell and
microvesicles. (C) Same fluorescent image with color-coded intensity and detection
thresholds. Microvesicles with d ifferent intensity o f FM 1-43 staining (shades o f gray,
and red for saturation) are visible against th e background (blue). Staining provides
improved sensitivity and distinct borders detection enabling precise size m easurem ent
and count. PMT is biased towards m aximum sensitivity to capture relatively low
fluorescence signal from the detaching MVs.

DiD shows considerable variability in m em brane labeling betw een cells and fast dye
endocytosis. The required labeling characteristics are dem onstrated by F M 1-43 (Fig. 13)
th at will be used further for verification o f Ca2+ and COS roles in microvesiculation.
In intact cells FM 1-43 shows background m em brane labeling with a very low intensity.
W ith the beginning of nsPEF tre a tm e n t intense FM 1-43 staining develops on the cell
poles and spreads throughout the cell surface during the first 30 seconds of tre a tm en t.
Detaching MVs retain FM 1-43 providing uniform staining o f M V contour.
Effect of Ca2+ on microvesiculation
Application o f FM 1-43 labeling for investigation o f microvesiculation in different
buffers allows to quantify the effect o f Ca2+ presence (2 m M CaCI2) or absence (2 m M
Na-EGTA). In the presence of Ca2+ intense microvesiculation starts during pulse
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Fig. 14. The presence of Ca2+ during high-PRF nsPEF exposure stimulates
microvesiculation. (A) The plot illustrates th e size o f individual MVs (small dots) and
average M V size (large dots) form ed during and a fte r the exposure o f HL60 cells. The
average size of MVs form ed in the presence o f Ca2+ (red) is much larger than the size of
MVs form ed w ithout Ca2+ (green). (B) The plot shows the tim e course o f M V form ation
in the same buffers. Cell exposure in the presence o f Ca2+ results in a massive M V
form ation as evident by high M V count (red). In th e absence of Ca2+ same exposure
produces only minor microvesiculation (green). The analysis includes all MVs present in
the field o f view at each tim e point. Cells w ere exposed to 6 0 ns 12 kV/cm 20 Hz 1200 p.
Data collected in 6 independent experim ents.

application and continues fo r 3-5 minutes after the end o f exposure (Fig. 14). In the
absence o f Ca2+ microvesiculation follows a similar tim e course but w ith much low er M V
production. The presence o f Ca2+ causes on average nearly 8-fold increase in the
num ber of MVs and 3-fold increase in M V size. The average size o f detaching MVs
increases gradually in Ca2+-containing (0.5 to 1 pm) but not in Ca2+-free buffer (~0.5 pm).
The larger MVs form ed in the presence of Ca2+ reach 5 pm, w hile in the absence of Ca2+
MVs do not exceed 1 pm. Despite th e apparent stimulating effect o f Ca2+, the num ber of
MVs in Ca2+-free population may be underestim ated due to th e inability to assess
population of vesicles with the sizes below th e optical resolution lim it (~300 nm).
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Effect of COS inhibition on microvesiculation
COS inhibition through a partial replacem ent o f NaCI for an equiosm olar am ount
o f sucrose (90 mOsm/kg) effectively inhibited the cell swelling. However, such inhibition
produced no effect on microvesiculation. In Ca2+-containing buffer the presence of
sucrose did not affect the average num ber or the size of M Vs form ed a fte r nsPEF
exposure (Fig. 15). As in the regular sucrose-free experim ental buffer, th e presence of
sucrose did not change the tim e course of M V form ation or the M V size range (up to 5
pm). In the presence of sucrose cells exhibit intense tethering and accum ulate large M V
clusters along the tethers. Although th e average num ber o f form ed MVs in both buffers
is nearly the same, it may not reflect th e num ber o f detached MVs, which is seemingly
low er in the presence of sucrose. Also, due to convoluted geom etry long tethers
piercing through the confocal plane m ay be perceived as MVs if confocal aperture is
small. Such bias would increase the num ber o f MVs in analysis.

DISCUSSION
Over the last decades ECVs became recognized agents of intercellular
communication. Formation of ECVs is triggered by a num ber of factors including highPRF nsPEF. So far nanosecond pulse-induced ECVs have been observed in human
lymphoblasts - Jurkat E6-1 cells, monocytes - U937 cells and promyelocytes - HL60
cells, but not in attached cell lines like CHO. M ost pulse-induced ECVs are form ed afte r
the end of pulse treatm ent. Such dynamics indicates th a t this microvesiculation is a
biological effect of electroporation rather than a direct effect of nsPEF. ECVs form ed due
to nsPEF fall within the category of microvesicles, and not exosomes or apoptotic
vesicles, due to several reasons. First, optical microscopy does not allow to assess nsPEF
effects on exosomes which size ranges from 40 to 100 nm and falls below th e optical
resolution limit. Second, the average size o f pulse-induced vesicles falls w ithin th e size
range associated with microvesicles. Consistently w ith the literature, production of
nsPEF-induced vesicles is Ca2+-sensitive and is commonly preceded by a prom pt period
o f diffuse blebbing. Finally, nsPEF-induced vesicles are unlikely the product o f apoptosis,

28

60 ns 12 kV/cm
20 Hz 1200 p

^

60 ns 12 kV/cm
20 Hz 1200 p

\C''

\V v

Fig. 15.

pr > -

t

I

0

120

i

I

240
360
Time (s)

I

r

480

600

i----------------1----------------1---------------- 1---------------- r

0

120

240
360
Time (s)

. 480

600

Inhibition of COS does not affect form ation of microvesicles. (A) The plot

demonstrates form ation o f microvesicles in HL60 cells exposed to nsPEF in Ca2+containing buffers with (blue) or w ithout (red) partial replacem ent o f NaCI (60
mOsm/kg) for equiosmolar am ount of sucrose. The size o f individual microvesicles
(small dots) and average M V size (large dots) is nearly identical in both buffers. (B) The
plot illustrates th e average num ber of MVs produced by the same cells. Cell exposure in
the presence o f sucrose (blue) or in the absence of sucrose (red) produce nearly the
similar num ber o f MVs, indicating no effect from COS inhibition. The analysis includes all
MVs present in th e field o f view at each tim e point. Cells w ere exposed to 60 ns 12
kV/cm 20 Hz 1200 p. Data collected in 6 independent experiments for "+Suc", "-Sue"
group is the same as "2 m M Ca2+" group in Fig. 14.

because they form too fast for apoptotic tim efram e and pinch-off through a process
distinct from cell fragm entation.
Besides microvesiculation, in nsPEF-exposed HL60 cells Ca2+ presence stimulates
tethering through unidentified mechanisms. Tethers have been described in
hematologic cells (87), e.g., in platelets and leukocytes (88), in which they are associated
with sheer stress during partial cell attachm ent (89). The mechanical aspect o f tethering
might indicate th a t in high-PRF nsPEF-exposed cells tethering could be caused by
electrical pulling. However, tethers have never been observed in Ca2+-free buffer, and
thereby they may represent the active Ca2+-dependent cell response. This conjecture
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requires further testing. Interestingly, tethers, or "lipid tubules", have been described
on the anode-facing portion o f giant unilam elar vesicles during pulse application (90).
Lipid tubules and nsPEF-induced tethers are morphologically similar; how ever, th e ir
direct comparison is unjustified due to several reasons. First, the experim ental systems
and pulse param eters are vastly different. And second, th e composition o f nonconductive high-sucrose Ca2+-free buffer used in experim ents with giant unilam elar
vesicles is considerably different from Ringer saline used in HL60 experim ents. HL60
tethers com monly have clusters o f attached MVs suggesting that M Vs may be produced
via fragm entation of tethers. Although w e never observed such events, some earlier
reports draw similar conjectures (91). Simultaneous appearance o f m em brane tethers
and MVs as well as their Ca2+-dependence suggest th a t these phenom ena m ay have
common underlying mechanisms.
M V form ation is reported in various cell types exposed to ionophores (92), poreform ing toxins (93) and m em brane attack complex (94), w here it's accom panied by Ca2+
uptake and PS externalization (95). Ca2+ uptake (96, 97) and PS externalization (67) are
also present in the electroporated cells. Despite m ultiple efforts to establish the exact
mechanisms of microvesiculation, they still remain largely unidentified. An im portant
role in the process is assigned to calpain activation (98), activation o f enzymes
coordinating phospholipids scrambling (99), throm bin receptors (100) and calcium
increase via store-operated calcium entry or purinergic calcium channel P2X1 (47). Ca2+ionophore A 23187 and com plem ent C5b-9 pore-form ing complex cause
microvesiculation due to form ation of m em brane defects inducing extracellular Ca2+
uptake (1 0 1 ,1 0 2 ). The same mechanism is likely to stim ulate massive microvesiculation
in hematologic cell lines continually permeabilized by high-PRF nsPEF.
Nanosecond pulses offer a unique approach to investigate th e mechanisms o f
microvesiculation using prom pt and controllable techniques of reversible m em brane
perm eabilization. Detection and characterization o f pulse-induced M V form ation in
individual cells requires a robust microscopy approach that would enable M V labeling
and quantitation. W e adapted FM 1-43 labeling to allow th e m easurem ent o f essential
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M V param eters. This labeling takes advantage o f dye incorporation enhanced by nsPEFinduced plasma m em brane perturbation (44, 83). The main advantage o f FM 1-43
labeling, especially over commonly used annexin V-FITC labeling, is Ca2+-independence.
Fluorescence-based analysis o f microvesicle populations reveals th a t nsPEF (i.e., 60 ns
12 kV/cm 20 Hz 1200 p) produces m inor microvesiculation even in th e absence o f Ca2+.
th is may indicate the involvement o f intracellular Ca2+ sources, like endoplasmic
reticulum (103). In th e presence of Ca2+ identical nsPEF exposure greatly increases the
num ber and the size o f microvesicles. Cell swelling seems not to play a m ajor role in
microvesiculation. These findings, along w ith the data reported from ionophore and
com plem ent research (104), suggest th a t Ca2+ uptake is likely the main trigger o f nsPEFinduced microvesiculation.
The possibility of PEF-based stimulation of microvesiculation in vivo is not yet
explored. However, increased clinical use o f electroporation-based tre a tm en ts makes
evaluation o f such a possibility feasible. MVs dem onstrate complex and am bivalent
effects on hemostasis (105) and thereby may play a role in im m ediate and delayed
circulation responses to electroporation treatm ents. A nother interesting question is
w hether microvesicles play a role in dissemination o f tu m o r antigens or oncogene
products after electroporation-based treatm ents. Antigen release may have favorable or
adverse implications for safety profiles and outcomes o f such therapy. A num ber of
questions pose interest for in vitro studies. Some reports suggest th a t Ca2+ uptake may
stimulate not only the release of MVs but also exosomes (106), another m ajor player in
intercellular communication. Pulse-induced production of MVs offers a new non
chemical tool to investigate microvesiculation and its mechanisms in individual cells.
Further research in this area will help to understand and harness cell m anipulation using
nsPEF.
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CHAPTER III
ELECTRIC FIELD EXPOSURE TRIGGERS A N D GUIDES FO RM ATIO N OF
PSEUDOPOD-LIKE BLEBS IN U 937 MONOCYTES

INTRODUCTION
Permeabilization o f cell m em brane by pulsed electric field, including nsPEF,
triggers cell reshaping due to swelling and blebbing (40, 1 0 7 ,1 0 8 ). Intact cells maintain
osmotic equilibrium with extracellular buffer (38) but electroperm eabilized cells are
unable to do th at effectively. Swelling in such cells is caused by colloid-osmotic
mechanism (1 0 9 ,1 1 0 ) (see Chapter I). Swelling in nsPEF-treated cells is often
accompanied by form ation o f blebs, rounded m em brane protrusions th a t appear on the
cell surface in apparently uncontrolled m anner (27, 111). Currently th e mechanisms and
im plem entations o f blebbing for physiology o f electroporated cells are not clear.
Supposedly blebbing is a byproduct o f PEF-induced cell damage (112); how ever, outside
th e research area of electroporation, blebbing is com m only seen in life cycle o f intact
cells. Such blebs form during cytokinesis (113), migration (114), in attaching cells (115)
and in response to physiological stimuli (116).
In early studies, blebs w ere described as 'clear, round cytoplasmic protrusions'
(117), and also w ere referred to as blisters (118) or bubbles (119). At present, the term
'blebbing' is also used to describe m em brane evaginations during cell spreading (120)
and cell division (121), as w ell as in necrotic (122) and apoptotic (123) cell damage.
'M em brane ballooning' is another te rm illustrating term inal blebbing in necrotic cells
(124, 125). Due to the lack of clear definition and classification, the te rm 'bleb' may be
confusing when used outside the context o f physiological or pathological processes. In
this paper w e will differentiate betw een reversible nonlethal blebbing and stationary
blebbing which is a sign of cell damage (126).
M odern knowledge about blebbing and its mechanisms comes from m ultiple
sources. Reversible blebs and th e ir life cycle w ere comprehensively studied in cell lines
w ith defects in actin polymerization. Such cells exhibit intense and reversible blebbing
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due to weakening of m em brane-cytoskeleton adhesion (1 2 7 ,1 2 8 ). A nother factor
responsible for bleb form ation is actomyosin contractility o f cell cortex and resulting
increase in cortical tension (129). In general, bleb form ation can also be triggered by
local transm em brane ion transport and associated w ater uptake (1 3 0 ), i.e., th e same
mechanisms acting in electroperm eabilized cells (22). Hence, blebs induced by nsPEF
may not only resemble regular blebs morphologically but also form through similar
mechanisms.
Reversible and stationary blebs nucleate on cell surface and inflate w hile
remaining attached to the cell body through the neck region. Expansion o f blebs lasts
several seconds or minutes and results in form ation of rounded m em brane-bound
protrusions the size o f which may becom e com parable to th e size o f th e cell body. At
the early stage o f form ation, morphological distinctions betw een reversible and
stationary blebs are negligible. Both bleb types are present as transparent m em branebound rounded protrusions w ith no cytoskeleton or organelles (131). However, upon
m aturation the interior o f reversible bleb becomes filled w ith de novo form ing actin
fibrils (132) participating in organization o f contractile bleb cortex. Cortex assembly is
associated with reestablishment of m em brane-cytoskeleton integrity and fu rth e r bleb
retraction. Cortex contractility in reversible blebs is attributed to th e presence of
actomyosin motors (133). In contrast, form ation of actin scaffold or contractile cortex
does not occur in stationary blebs form ed during necrosis (122) or due to cytoskeleton
toxins exposure (134). Once inflation in such blebs stops th e y remain stagnant and show
no retraction.
Reversible blebbing passes through cycles o f m em brane expansion, reassembly
of cortical cytoskeleton and retraction due to actomyosin contractility (132). Such
mechanism o f m em brane expansion may provide an alternative to actin-driven
protrusion form ation for cell locomotion (135, 136). In several works blebbing already
has been established as a mechanism,of cell migration (126).
Typical blebs form ed due to nsPEF exposure are stationary and reflect either
apoptotic or necrotic cell transform ation. However, w e found an all-new type o f blebs
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th a t w e called "pseudopod-like blebs" (PLBs). PLBs are characterized by elongated
shape, fast directional grow th tow ards anode, and rapid retraction follow ing nsPEF
exposure. Some o f these findings w ere reported previously in m eeting proceedings
(1 3 7 ,1 3 8 ). This paper is the first systematic studies o f some PLB properties and
mechanisms th at underlie their form ation.

MATERIALS AND METHODS
Cell line and propagation
This study was entirely perform ed on human suspension monocytic U937 cells
th a t w ere obtained from ATCC (M annanas, VA). Cells w ere propagated at 37°C w ith 5%
CO 2 in air. In accordance w ith the supplier's recom m endations cells w ere m aintained in
RPMI 1640 growth m edium containing L-glutamine and supplem ented w ith 10% fetal
bovine serum and 1% penicillin/streptom ycin. The cell culture components w ere
obtained from Atlanta Biologicals (Norcross, GA) or M ediatech Cellgro (Herndon, VA).
Before th e experiment, cells w ere transferred onto glass coverslips pre-treated w ith
poly-L-lysine (Sigma-Aldrich, St. Louis, M O ). Cells w ere left in full grow th m edium fo r at
least 30 minutes prior to experiments.
Cell imaging and image analysis
For tim e-lapse image recording a coverslip w ith attached cells was placed into a
glass-bottomed cham ber (W arner Instruments, Hamden, CT) mounted on 1X81
m otorized inverted microscope (Olympus America, Center Valley, PA). D ifferentialinterference contrast (DIC) and fluorescence imaging was perform ed using a 40x dry
objective (NA 0.95) or a 60x oil objective (NA 1.42). Cell images w ere recorded using FV
1000 confocal laser scanning system (Olympus).
Cell images were taken at regular interval o f 4-5 seconds. Typically 6-7 images
w ere captured prior to exposure. NsPEF tre a tm e n t started 3 0 seconds into the
experim ent and continued for 30, 6 0 or 120 seconds. All experim ents w ere perform ed
at room tem perature.
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DIC images w ere analyzed fo r blebbing probability, location and bleb size. PLBs
w ere defined as longitudinal anodotropic blebs w ith the length exceeding at least one
cell diam eter. For m easurem ent o f m em brane perm eability a fluorescent m em brane
integrity m arker propidium iodide (Sigma-Aldrich) was added to th e experim ental buffer
at concentration o f 5 pg/m l (~7.5 p M ). To avoid saturation o f the fluorescent channel
th e sensitivity of the detector was calibrated on cells permeabilized w ith 0.01% digitonin
(Sigma-Aldrich). In other experim ents to visualize actin rearrangem ents caused by nsPEF
rhodam ine-phalloidin conjugate (Cytoskeleton Inc, Denver, CO) was added to the
experim ental buffer at concentration o f a 28 nM . Analysis o f blebbing and propidium
uptake w ere perform ed using M e ta M o rp h 7.7 (M olecular Devices, Sunnyvale, CA).
Experimental chemicals and buffers
All experiments, except with sucrose, w ere perform ed in th e experim ental buffer
th a t contained (in m M ): 135 NaCI, 5 KCI, 4 MgCI2, 3 HEPES, 2 Na-EGTA and 10 glucose at
pH 7.4 (18). In experiments on the verification of colloid-osmotic mechanism w e
replaced 22.5, 45 or 90 m M o f NaCI w ith isosmotic amounts of sucrose (45, 9 0 and
180m M , respectively). The final osmolality of all experim ental buffers rem ained at ~290
mOsm/kg, as measured with a freezing point m icro-osm om eter (Advanced Instruments,
Norwood, MA). Chemicals w ere purchased from Sigma-Aldrich (St. Louis, M O ) unless
stated overwise. Rhodamine-phalloidin (Cytoskeleton Inc) was dissolved in 100%
m ethanol, w hile cytochalasin D (CD) was dissolved in 100% DMSO. In experim ents
studying actin rearrangements vehicle (0.001% DMSO) was used as a negative control.
Overall exposure of cells to CD before image recording was kept to a m inim um and did
not exceed 5 minutes.
Pulse stimulation and local electric field modeling
Nanosecond pulses w ere delivered to a selected group of cells w ith a pair .of
custom tungsten rod electrodes. Electrode positioning, pulse generation and delivery,
and E-field modeling w ere perform ed as described in Chapter I. Experiments included
appropriate controls in which cells w ere subject to identical manipulations but w ith ou t
nsPEF delivery ("sham" exposures).
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RESULTS
The phenom enon of pseudopod-like blebbing
PLB form ation is illustrated in Fig. 7 th a t shows representative fram es o f PLB
nucleation and directional growth during exposure to a train of 3 60 0 60-ns pulses (12.1
kV/cm 20 Hz). Bleb form ation usually occurs w ith ~30-second delay a fte r th e onset of
exposure. A fter this interval, small rounded blebs appear on the anode-facing cell pole.
At this tim e, these blebs resemble typical blebs w idely reported in th e literature (134,
139). During the course o f treatm en t, small blebs rapidly elongate tow ards the anode
electrode and may exceed the size o f cell d iam eter after 2 minutes o f exposure. W e
define such blebs as pseudopod-like blebs, or PLBs. Although the size and growth
velocity are distinctive features o f PLBs, w hat makes these blebs unique is th a t they
grow exclusively towards the anode and assume an elongated sausage-like appearance.
During growth, the bleb tip retains a rounded shape and leaves behind th e extended
bleb body. Developed PLBs com monly have sectioned appearance due to occasional
transverse strictures. W hen pulse tre a tm en t is discontinued, the bleb grow th stops
prom ptly and changes to partial or com plete retraction.
Role o f pulse param eters in triggering pseudopod-like blebbing
For initiation o f PLBs w e used long trains o f 60 ns pulses. At first w e focused on
the effect of pulse repetition rate and exposure duration w hile keeping am plitude fixed.
W ithin the tested param eter range the probability o f bleb nucleation was relatively
constant and remained at a level o f 2-2.5 blebs per cell. However, th e probability to
form PLBs from regular blebs increased considerably with the increase in pulse rate
from 5 to 20 Hz and increase in exposure duration from 30 to 120 seconds (Fig. 16A, left
panel). Cells treated with the rate o f 5, 10 and 20 Hz produced PLBs from 2 .9 ,1 0 .7 and
28.7 % o f regular blebs, respectively. The plot in the right panel of Fig. 16A
demonstrates th e increase in PLB form ation in response to increase in pulse exposure
duration. W hen other param eters w ere kept constant, the exposure duration o f 30, 60
or 120 seconds produced 0, 5.4 or 28.7 % of PBLs, respectively.
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Effect o f the tre a tm en t param eters on form ation o f regular and pseudopod-like

blebs. Numbers on the graphs indicate the num ber o f analyzed cells (n) and the
percentage o f pseudopod-like blebs in the overall bleb count. The set o f param eters
indicated above each chart was kept constant, w hile parameters below the charts w ere
varied. (A, left panel) Pulse rate was varied w hile keeping other param eters constant. (A,
right panel) Exposure duration was varied w hile keeping other param eters constant.
One group (20 Hz 2400 pulses) is shared betw een both charts. (B) E-field was varied
w hile all other param eters w ere constant. Plots A and B summarize the results o f 8 and
15 independent treatm ents, respectively. Sham-exposed cells did not produce any blebs
(not shown).

In the second series of experim ents, the E-field was varied from 7.5 to 14.4
kV/cm, w hile the pulse repetition rate and exposure duration were fixed at 10 Hz and
120 seconds, respectively (Fig. 16B). Cell exposure to the lowest tested E-field o f 7.5
kV/c'm produced very low regular bleb count o f 0.1 blebs/ce'll and no PLBs. E-field
increase to 9.8 kV/cm resulted in a much higher bleb count o f 0.9 blebs/cell but low
relative PLB count (8.7 %). The E-field o f 12.1 kV/cm resulted in bleb count o f 1.1
blebs/cell and form ation o f PLBs from 13.4 % of regular blebs. Exposure to th e highest
tested E-field of 14.4 kV/cm produced 1.2 blebs/cell, of which 27.7 % w ere PLBs.
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O f note, although tw o exposure protocols w ith different frequencies (12.1
kV/cm , 20 Hz, 2400 pulses in series A and 14.4 kV/cm , 10 Hz, 1200 pulses in series B)
w ere almost equally efficient in producing PLBs (28.7 % and 27.7 %, respectively), w e
choose 20 Hz over 10 Hz protocol fo r subsequent experim ents due to th e following
reasons. First, th e velocity o f PLB grow th at 20 Hz was greater than at 10 Hz (data not
shown). Second, PLB yield of 10 Hz exposures in series A and B varied, w hile PLB yield of
20 Hz protocol rem ained constantly high.
Based on the studied effects of pulse param eters, selection o f 20 Hz seem ed the
most appropriate due to the maximal yield o f PLBs.
Asymmetrical nucleation o f blebs
In the next series w e tested the effect of different pulse protocols on preferred
location o f bleb nucleation. Cell surface was separated into four sectors relative to
position o f pulse-delivering electrodes (anodic, cathodic and tw o sides). All nucleation
events w ere assigned to one of four sectors according to th e ir location. Each bar length
in Fig. 17 indicates percent fraction o f nucleation events in the sector to total num ber of
nucleation events registered for the tre a tm e n t protocol. In all tested protocols the
preferred location o f bleb nucleation (~60 %) was at the cell pole facing anode. O ther
locations displayed low and nearly equal chance o f nucleation. D ifferent bar angles are
used merely for convenience of presentation and do not correspond to actual direction
o f blebbing. Asymmetry o f nucleation suggests th at permeabilization plays a central role
in determ ining bleb directionality.
Evaluation of propidium uptake in exposed cells
The propidium emission o f nsPEF-treated cells was compared to staining of dead
cells which w ere present in all samples and constitute ~ l- 2 % of cell population. The
results illustrated in Fig. 18 show th a t propidium uptake in nsPEF-exposed cells was at
least 20-fold lower than in dead cells. This modest uptake level indicates th at the
m em brane barrier function was only partially compromised by nsPEF. However, the
long-term viability o f PLB-forming cells was not studied.
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Blebs are predom inantly nucleated at the anodic cell pole. Bleb initiation was

evaluated during exposure to one of the pulse protocols shown in th e graph. For each
treatm en t the num ber o f nucleation events was measured in four 90° sectors of th e cell
surface (anodic, cathodic and tw o sides). The total num ber o f nucleation events in each
protocol was taken for 100%. Bars encode the fraction of nucleation events and do not
imply exact bleb position against the electrodes. The data summarize the results of 8
experiments for each protocol.

The role o f colloid-osmotic swelling in PLB growth
To test the role o f colloid-osmotic mechanism, we partially substituted NaCI for
an equiosmolar am ount of sucrose, which is a swelling inhibitor in nsPEF-treated cells
(18). Experimental buffers in this series contained 45, 90 or 180 m M o f sucrose instead
of a fraction of NaCI equal to 22.5, 45 or 90 m M , respectively. The results in Fig. 19
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NsPEF-triggered propidium uptake compared to th e uptake in sham exposure

cells and dead cells. Dead cells typically constitute ~ l-2 % o f cell samples. Shading
represents the exposure interval. Note the scale break on th e fluorescence axis. The
exposed group presents recordings o f 53 cells in 8 independent experim ents.

illustrate th at such replacem ent is indeed effective against bleb form ation. Partial
substitution of NaCI for 45 m M o f sucrose almost com pletely elim inated PLBs and
modestly affected other bleb types. In the presence of 90 m M of sucrose, no PLBs
developed, w hile form ation of other blebs was considerably inhibited. Finally, NaCI
replacem ent for 180 m M o f sucrose prevented all types o f blebbing. Sham-exposed cells
did not produce blebs in any o f the buffers.
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fractions o f NaCI for sucrose. Replacement o f equiosm olar am ount o f NaCI fo r sucrose
inhibits w ater uptake by electroporated cells and does not change the final buffer
osmolality. The num ber o f blebs per cell was plotted against the fraction o f sucrose in
th e buffer (45, 90 and 180 m M ). The cell count (n) is the sum of 8 independent
experiments.

These results showed th a t the w ater uptake is indeed the driving mechanism of
PLB growth. Thereby form ation of both PLBs and regular blebs in nsPEF-treated cells
relies on w ater inflow. However, the elongated shape th a t contrasts PLBs to regular
rounded blebs suggests th a t there are other mechanisms, such as cytoskeleton
rearrangements, may be involved in the PLB form ation.
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Role o f actin rearrangements in PLB form ation
In this series w e focused on the mechanism responsible fo r the structural
support and shape of PLBs. Considering th e monocytic origin, U937 cells may have an
advanced regulation o f their cytoskeleton (140). As noted above, PLBs com m only extend
through the form ation o f smaller sections th at constantly append at the anodic tip. As a
result, these blebs commonly have transverse strictures located betw een tw o
consecutive sections. This observation suggests a complex internal organization o f PLBs.
W e hypothesized th at PLB support is provided by form ation of actin scaffold.
In order to establish the role of th e actin cytoskeleton, we used a fluorescent
rhodamine-phalloidin conjugate. Conveniently, nsPEF tre a tm en t im proved penetration
o f the conjugate inside the cell and enabled efficient actin visualization at a low dye
concentration. The tim e series of DIC and corresponding actin staining images during
PLB developm ent are presented in Fig. 20 A. PLB growth was accompanied by the
accumulation o f actin in the bleb interior. A fter nsPEF exposure bleb grow th stopped
and concurrently the form ation of an actin rim began along the bleb surface. The
assembly of the actin cortex preceded partial PLB retraction. During th e retraction, PLB
deflated and assumed wrinkled appearance th at corresponded to intense actin
accumulation in th e bleb body.
To verify th e role o f actin in support o f PLB shape, w e inhibited actin
polymerization by the addition of CD (1 p M ). The results in Fig. 20 B, show th a t in the
presence o f CD, the nsPEF exposure induced form ation o f regular rounded blebs rather
than PLBs. After pulse tre a tm en t rounded blebs did not retract or develop actin rim.
Overall, the inhibition o f F-actin form ation by CD prevented form ation o f PLB.
Together w ith fluorescent labeling data, this demonstrates th a t the actin polym erization
is responsible for unique PLB shape and its retraction.
In summary, w e established th a t the driving force o f PLB growth was Donnantype colloid-osmotic w ater uptake, w hile specific bleb shape arises due to th e form ation
of actin cytoskeleton.
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Cytoskeleton form ation in PLB and th e effect of F-actin inhibition on bleb shape

and retraction. Representative frames of an image tim e series dem onstrate blebs in
U937 cells before, during and after nsPEF tre a tm e n t (started at 30 s). (A) Pseudopod-like
blebbing is accompanied by form ation o f an actin rim and partial bleb retraction after
exposure. (B) The presence o f CD inhibits PLB form ation. Rounded blebs th a t form
instead do not develop the actin rim and lack th e retraction capability. Dashed lines
enclose frames recorded during exposure. The scale bar is 10 pm.

DISCUSSION
The experim ents above clearly define th e pseudopod-like blebbing as a
phenomenon different from both apoptotic and necrotic blebbing which are com m only
associated w ith electric pulse exposure. PLBs exhibit distinctive features, like elongated
shape and growth directionality, and to our best knowledge have not been reported
previously. W hether PLBs are exclusive to nsPEF or can also be produced by longer
pulses remains to be established.
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During pulse application, the anodic pole is subject to the largest induced
transm em brane voltage and most intense perm eabilization (2 1 ,1 4 1 ). Prolonged
perm eabilization is an essential prerequisite for PLB form ation. W a te r uptake in th e
permeabilized area driven by the colloid-osmotic gradient is the prim ary force fo r PLB
nudeation and grow th. Although w ater uptake starts im m ediately after
permeabilization, PLB form ation typically begins in about 3 0 seconds. W e propose th at
this interval is required fo r w ater uptake and corresponding increase in intracellular
pressure th at would result in bleb nudeation. Alternatively, based on the poroelastic
cell concept (142), a 30-second interval may be required fo r build-up o f the pressure
locally. According to this hypothesis, the increase in the local pressure may result from a
slow pressure equilibration across the w hole cell. In addition, we do not exclude th e
possibility of th e direct impact o f m em brane depolarization or pulse damage on
membrane-cytoskeleton interactions.
The growth of PLBs occurs exclusively during nsPEF tre a tm en t and is directed
towards the anode electrode. Prolonged nsPEF tre a tm en ts results in continual
permeabilization on the anodic pole and form ation o f bleb tip that migrates tow ards
anode concurrently with bleb elongation. Continual perm eabilization of the tip
generates constant influx of extracellular w ater and determ ines the direction of
extension. According to this assumption, anodotropic direction of PLB growth is not an
effect o f electric field but rather a result o f constant permeabilization of th e anodic cell
pole.
Although w e dem onstrated th a t the colloid-osmotic gradient is th e driving
mechanism of PBL extension, is does not explain th e characteristic elongated shape of
PLBs. W e established th a t bleb elongation is accompanied by the form ation o f actin
cytoskeleton in the bleb interior. Supposedly, prom pt recruitm ent o f actin into th e bleb
reinforces bleb walls and prevents bleb growth sideways. M eanw hile, continual
permeabilization on the anodic pole promotes bleb growth tow ard th e electrode.
Polymerization o f actin coupled w ith th e continual bleb form ation at the growing tip
may also be responsible fo r the sectioned PLB appearance. Blockage o f the actin
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polymerization permits bleb spreading in all directions, thereby inhibiting PLBs and
resulting in the form ation of stationary rounded blebs w ith no retraction capability.
Such blebs are morphologically indistinguishable from term inal blebs form ed in necrotic
cells. Formation o f the actin scaffold culminates in th e assembly o f th e bleb cortex and
is responsible for PLB retraction w hen the exposure ends. Actin assembly and retraction
o f PLBs is an active process suggesting th a t em ployed nsPEF tre a tm en t does not damage
cells beyond their repair capacity. This assumption combined with m odest level of
propidium uptake suggests th at PLB form ation is hardly a m anifestation o f cell necrosis.
M o re likely such nsPEF-guided protrusive blebbing provides a mechanism to expand and
retract the cell m em brane in a controlled manner.
Protrusion form ation is an essential part o f cell migration (143). Building
evidence suggests th a t during the protrusion form ation, contrary to th e traditional view
(144), the w ater inflow (145) and m em brane evagination precede actin assembly (146)
and not the opposite. Our experiments established th at the inhibition o f w a te r uptake is
sufficient to inhibit nudeation of PLBs and other blebs, w hile the inhibition o f actin
polymerization does not prevent nudeation. In view o f those findings, it m ay be
interesting to examine the role of w ater uptake in other types of cell protrusions.
However, the relevance o f pseudopod-like blebbing to cell protrusions in general,
including blebbing associated with cell motility, remains to be established.
W ithin the range o f tested pulse conditions, PLB form ation was observed in
U937 cells but not in several other cell types (CHO, Jurkat and GH3, th e data not
presented here). This may indicate the lack o f free actin monomers in these cells or
suboptimal nsPEF tre a tm en t conditions. Although PLBs may be specific to a particular
cell type, they may provide a valuable model for investigation of blebbing and other
protrusions form ation. Fast initiation, high yield, and flexible control over pulse
exposure parameters make this phenom enon easy to manage. Further investigation of
PLBs may provide insights into m em brane trafficking, cytoskeleton rearrangem ents and
transm em brane w a te r transport not only in electroporated cells but also in cells studied
in their physiological environment.
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CHAPTER IV
CELLULAR REGULATION OF EXTENSION AND RETRACTION OF PSEUDOPOD-LIKE
BLEBS PRODUCED BY NANOSECOND PULSED ELECTRIC FIELD

INTRODUCTION
Blebbing o f the cell m em brane occurs predom inantly in the areas o f w eak
m em brane to cytoskeleton adhesion (131) and cell cortex breakage (147). Alternatively,
blebbing may result from the increase in cortex contractility (148) and associated rise in
th e intracellular pressure (134). The exact mechanisms o f blebbing in cells exposed to
nsPEF are not yet known. Morphologically these blebs are similar to blebs described for
other types of stress (122). However, PLBs show features characteristic fo r physiological
rather than stress-induced blebbing (84). PLBs form in U937 cells in Ca2+-free conditions
and represent polarized and retractable m em brane protrusions similar to blebs of
migrating cells (114, 126). The knowledge collected about blebbing m otility to date
(149) may allow to infer th e mechanisms o f electroporation-induced PLBs.
Cells m igrate through repetitive cycles of m em brane extension and retraction
(150). The m em brane at the front end extends form ing a leading edge and adheres to
the substrate (144). M eanw hile the trailing edge releases th e substrate adhesions and
retracts. This cycle results in net cell translocation (151). Cells migration relies on tw o
distinct modes o f translocation - mesenchymal and am oeboid motility, distinguished by
protrusion morphology and regulation (152). Mesenchym al cells predom inantly develop
actin-rich protrusions, - lamellipodia and filopodia on the leading edge, and contractile
actomyosin filaments on the trailing edge (153). Amoeboid cells em ploy bleb-like
protrusions driven by intracellular pressure rather than by actin polym erization (154).
Amoeboid migration has been widely studied in zebrafish primordial germ cells (155),
mammalian leukocytes (156) and cancer cell lines (157). Certain cell types, including
aggressive cancers (158), can switch betw een blebbing and actin protrusions in
response to changing mechanical properties of environm ental substrates and signal
markers (159). W hile actin-based mesenchymal migration relies on specific adhesion
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interactions (e.g., integrins) w ith extracellular m atrix (160), amoeboid m igration allows
cells to squeeze through extracellular matrix autonom ously (161) em ploying just low affinity non-specific interactions w ith matrix barriers (162). Low substrate dependence
and reliance on contraction-driven propulsion makes blebbing m otility an effective
strategy for cancer invasion (163) and extravascular leukocyte migration (164).
Migration velocity through am oeboid translocation may reach 20 p m /m in in contrast to
mesenchymal migration velocity of 1 pm /m in (165). Blebbing m otility follows basic
migration steps - reversible m em brane detachm ent on th e front end, forw ard cytoplasm
streaming and contraction of the cell rear end (155). Regulators o f blebbing m otility at
different stages o f bleb cycle may be im portant for identification o f regulators o f nsPEFinduced PLBs.
W hile form ation of actin-rich protrusions is studied at length, cell regulation of
blebbing only begins to em erge (166). Regulation o f actin protrusion assembly by Rho
fam ily of small GTPases, nam ely by th e best studied m em bers Cdc42, R acl and RhoA, is
a w idely accepted notion (167). Cdc42 and Racl prom ote actin polymerization and
form ation of actin-rich protrusions (168, 169), w hile RhoA regulates assembly of
actomyosin responsible for trailing edge retraction and contractility o f the cell cortex
(170). Although the role o f small GTPases in blebbing m otility is deem ed im portant, the
detailed effects on different bleb stages are not yet clear (166). Cdc42 regulates cell
polarization (1 7 1 ,1 7 2 ) and m aintenance of am oeboid and mesenchymal cell
morphology (173, 174). The role of Racl and RhoA is less clear. Some reports suggest
th at both GTPases take part in bleb extension (175), w hile others state th at Racl and
RhoA play distinct and m utually exclusive roles in am oeboid and mesenchymal
migration (176). The antagonism betw een Racl and RhoA is well established (177) and
may act as a regulatory switch betw een actin- and bleb-driven migration modes (178).
Cells with high Racl activity generally favor actin-driven mesenchymal migration (179) in
agreem ent with central role o f Racl in actin protrusion form ation (180). M eanw h ile,
cells with high RhoA activity exhibit bleb-driven am oeboid migration (181) consistently
with the modulatory role o f this GTPase in actomyosin contractility. Contractility may
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cause fluctuation in internal cell pressure, thereby causing disruption o f m em branecytoskeleton adhesion and bleb nudeation (136). In non-muscle cells RhoA regulates
actomyosin contractility through its main effector, Rho kinase (ROCK) (182). ROCK
activates non-muscle myosin II (N M II) through the inhibition of myosin light chain
phosphatase (MLCP), an enzyme removing activating phosphate from MLC (183).
Presumably’ ROCK is also able to activate MLC directly (184). A nother potent m odulator
o f N M II is myosin light chain kinase (MLCK) (185). MLCK is activated by Ca2+-calmodulin
and, unlike ROCK, exerts its stim ulatory effect on MLC in response to changes in Ca2+
concentration (186, 187) (Fig. 21). The role of small GTPases in cell m otility and blebbing
makes them central candidates for regulation of protrusive activity in PLBs.
Actin polymerization and actomyosin contractility play a central role in
protrusion and bleb form ation; how ever their implication in pseudopod-like blebbing is
not yet clear. PLBs represent a polarized and directed cell response th a t is likely
coordinated by the same mechanisms as other cell protrusions. Identification o f factors
responsible for conversion of nsPEF stimulus into m em brane and cytoskeleton
rearrangem ents is central for understanding o f pulse-induced effects on cells.
Investigation of these mechanisms may help to produce a model fo r studying of
blebbing m otility. Such m otility is shown to be im portant in cancer dissemination (188),
leukocyte and primordial germ cells migration (189). Here, w e investigate the
mechanisms of nsPEF-induced PLBs and discuss their relevance to blebbing m otility.

MATERIALS AND METHODS
Cell line and propagation
U937 human monocytic cell line was obtained from the ATCC (M annanas, VA)
and propagated at 37 °C with 5 % C 0 2 in air. Cells w ere grown in RP.MI 1640 m edium
containing L-glutamine and supplem ented with 10 % fetal bovine serum and 1 %
penicillin/streptomycin. Cell culture components w ere obtained from Atlanta Biologicals
(Norcross, GA) or M ediatech Cellgro (Herndon, VA).
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Actomyosin contractility is regulated through tw o main pathways. The first

Ca2+/calm odulin (C aM )-dependent pathw ay is activated due to the increase in cytosolic
Ca2+ concentration. Ca2+ binding to calmodulin leads to conform ational change in th e
protein and activation of Ca2+/ CaM dependent myosin light chain kinase (MLCK), which
in turn leads to activation of myosin light chain (MLC). This pathway plays no m ajor role
in pseudopod-like blebbing. The second RhoA-ROCK-dependent pathw ay is responsible
for inhibitory phosphorylation of myosin light chain phosphatase (MLCP). Inhibition of
MLCP by ROCK leads to accumulation o f activated MLC and enhanced contractility.
Inhibition of RhoA-ROCK interaction by Y-27632 disrupts this pathway and favors high
MLCP activity th a t in turn leads to decrease in actomyosin contractility. Adapted w ith
permission from Walsh M P and Cole WC, 2013 (190).

Fluorescent dyes, experim ental buffers and chemicals
All experiments w ere perform ed in the experim ental buffer th a t contained (in
m M ) 135 NaCI, 5 KCI, 4 MgCI2, 10 HEPES, 2 Na-EGTA and 10 glucose at pH 7.4 and
osmolality o f about 290 mOsm/kg. Oregon Green® 4 88 phalloidin and BAPTA-AM w ere
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purchased from Invitrogen (Eugene, OR). W iskostatin was purchased from Tocris
Bioscience (Bristol, United Kingdom). Jasplakinolide was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA) and exoenzyme C3 transferase (RhoA inhibitor) from
Cytoskeleton (Denver, CO). O ther chemicals, including thapsigargin, (-)-blebbistatin,
latrunculin A, nocodazole, paclitaxel and Y-27632 w ere purchased from Sigm a-Aldrich
(St. Louis, MO ). Oregon Green® 488 phalloidin was dissolved in 100 % m ethanol, while
o ther reagents w ere dissolved in 100 % DMSO. In experim ents w here vehicle-to-buffer
concentration exceeded 1:1000 ratio, vehicle was used as a negative control, 0.1%
DMSO in blebbistatin series and 0.25% DMSO in Y-27632 series. In experim ents using 13
p M BAPTA-AM and 50 nM thapsigargin, cells w ere preincubated at room te m p e ratu re
w ith reagents in the experim ental buffer fo r 30 or 15 minutes, respectively. In
blebbistatin series, cells w ere preincubated with 100 pM blebbistatin at 37°C fo r 30
minutes in the full growth medium. The exposure o f cells to reagents in the microscope
cham ber before pulse delivery and data recording was kept to a m inim um and typically
did not exceed 3 minutes.
Cell imaging and image analysis
For live cell tim e-lapse imaging, a suspension of U 937 cells was transferred into a
Petri dish with fibronectin-covered glass coverslips (Neuvitro Corporation, El M o n te,
CA). The suspension was left in incubator fo r at least 30 minutes to allow cells to
precipitate onto the coverslip surface. Then th e coverslip was briefly washed in the
experim ental buffer and transferred to the microscope. Im age recording was perform ed
in a glass-bottomed chamber (W arner Instruments, Ham den, CT) m ounted on an
IX81m otorized inverted microscope (Olympus, Center Valley, PA). Differentialinterference contrast (DIC) and fluorescence imaging w ere perform ed using a 40x dry
objective vyith (NA 0.95). Cell images w ere recorded using a FV1000 confocal laser
scanning system (Olympus). Typically images w ere taken at regular intervals o f 2 -5
seconds. Recordings started concurrently w ith a 2-m inute nsPEF tre a tm e n t and
continued for 5 -8 minutes after the end of pulse exposure.
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All experiments w ere perform ed at a room tem peratu re o f 2 1 -2 4 °C. Cell images
w ere quantified using FluoView v. 3.1 (Olympus) and M e ta M o rp h v. 7.7 (M olecular
Devices, Sunnyvale, CA) software.
NsPEF tre a tm en t and local electric field modeling
Exposure o f individual cells to nsPEF was perform ed as described previously (17).
Electrode positioning, pulse generation and delivery, and E-field modeling w ere
perform ed as described in Chapter I. In all experim ents described in this chapter, cells
w ere exposed to 2400 pulses at 12 kV/cm ; the pulse repetition rate was 20 Hz, so th e
entire tre a tm en t lasted 120 seconds. Experiments included appropriate controls in
which cells w ere subjected to identical manipulations but w ithout tested substances.

RESULTS
Lifecycle o f pseudopod-like blebs
As described previously (see Chapter III) th e PLB iifecycle can be divided into
separate consecutive stages. Initially, bleb form ation starts with nudeation and
continues into a steady and gradual extension towards th e anode. Although the bleb
stalk may bend and leave the focal plane, the growth direction is alm ost exclusively
anodotropic and is m aintained throughout the w hole exposure duration. Even PLBs that
nucleate on cell flanks com monly deflect tow ards anode early in the extension (Fig.
22A). Typical PLB extends from th e cell surface for as much as 30 pm. W hen exposure
stops, the bleb growth may continue for a period o f 15-60 seconds; how ever, w itho u t
nsPEF the growth direction becomes random (Fig. 22B).
A fter the end of pulse tre a tm en t and a short period o f stabilization, PLBs start to
retract. Retraction results in a partial reduction in bleb length and w idth. The extent of
retraction varies drastically among cells, from barely detectable crumpling to almost
com plete pulling back into the cell body. During the retraction, PLBs assume crumpled
contracted appearance concurrently with swelling o f the cell body a n d /o r de novo
form ation o f secondary rounded blebs (Fig. 22C). The elevated position o f pulsedelivering electrodes favors the extension o f PLBs into the solution. How ever, even in
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Distinctive features of PLB form ation and lifecycle. For all panels, nsPEF

exposure lasts from 0 s to 119 s, and th e position o f electrodes with respect to cells is
th e same as in Fig. 4. (A) NsPEF guides PLB growth tow ards anode even if PLB starts
elsewhere on the cell body. In the cell shown, a bleb that nucleated on the left side o f
th e cell body (arrow, 76 s) later turns and grows towards anode (+). (B) Undirected PLB
growth after the end of nsPEF exposure. Sequential images illustrate the loss of
directionality o f PLB. (C) The volum e o f liquid extruded from PLB during its shrinkage
following nsPEF exposure is accommodated in secondary blebs (arrows). (D) Examples of
cell translocation by PLB contraction. Upper and low er row show tw o individual cells
from different experiments.

such configuration PLB growth tip can make contact with th e coverslip surface. In this
case, PLB gets attached to the coverslip and its retraction pulls the cell body forw ard
and causes cell translocation (Fig. 22D).

Fluorescent actin labeling
Pulse tre a tm en t induces the entry o f fluorescent phalloidin conjugates th at
results in fast labeling o f cellular actin (84). Such entry starts im m ediately a fte r th e
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Formation and contraction o f actin cortex in PLB during extension and

retraction. Oregon Green® 488-phalloidin conjugate enters electroperm eabilized cell on
the anodic pole (0-30 s). A layer of actin cortex th a t forms during PLB extension (50-110
s) thickens and crumples during contraction (1 5 0 -6 0 0 s).

beginning o f nsPEF application and by th e m om ent o f PLB nudeation, th e actin staining
develops to the full extent. Actin labeled with Oregon Green® 488-phalloidin is initially
confined to cell soma, but as PLB grows the conjugate stains bleb cortex (Fig. 23). The
bleb interior remains largely devoid o f actin; how ever, the base region PLB com m only
shows a portion o f actin-rich cell components protruding into bleb lumen through th e
bleb neck. Bleb cortex remains seemingly steady during the bleb grow th, but during
retraction the cortex thickens and staining intensity rises as the bleb assumes crum pled
appearance. Retracting bleb gradually shortens, and folded m em brane takes up most of
the bleb interior th at shows intense actin fluorescence. In th e most explicit scenario PLB
may retract com pletely or leave behind only a small actin-rich spike.
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The role of contractility in PLB extension and retraction
Bleb studies suggest th a t cortex contractility is essential for stim ulation o f
blebbing (191). Cell contractility in nsPEF treated cells may be stim ulated by Ca2+ uptake.
Even though PLB experiments are perform ed in a Ca2+-free buffer, nsPEF exposure
stimulates the release of intracellular Ca2+ th at m ay rise to physiologically relevant
concentrations (2 0 ,1 0 3 ). In order to establish the implications of intracellular Ca2+
release on PLB initiation w e incubated cells w ith Ca2+ chelator BAPTA-AM (13 p M ) fo r 30
m inutes or reticulum Ca2+-ATPase inhibitor thapsigargin (50 nM) for 15 minutes. A fter
incubation U937 cells w ere still able to produce PLBs suggesting th a t intracellular Ca2+
release does not play an essential role in PLB developm ent. Cell cortex contractility can
also be suppressed by a myosin inhibitor, blebbistatin, and RhoA-ROCK inhibitor,
Y -27632 (147). Inhibition of the cortex contractility by a myosin ATPase inhibitor
blebbistatin (192) is attained through specific inhibition o f non-muscle myosin isoforms
(193). Our experim ents established th a t PLB-forming capacity of U937 cells is not
affected by blebbistatin (Fig. 24). The average bleb lengths in control and tre a tm e n t
groups w ere not significantly different. At the same tim e, bleb retraction was
significantly inhibited, although the inhibition was only partial even at th e maximal
tested drug concentration. Likewise, cell tre a tm e n t with a RhoA-ROCK inhibitor Y-27632
did not substantially prevent PLBs extension but could fully block th e ir retraction and
crumpling leaving PLBs completely static (Fig. 24). A specific RhoA inhibitor C3
transferase (194), also did not prevent PLB form ation (not shown) suggesting th a t RhoA
does not play an essential role in PLB extension but is necessary for its retraction.
Actin filam ent but not microtubule toxins inhibit PLB form ation
Toxins affecting actin polym erization prevent form ation of PLBs. Actin
polymerization inhibitor latrunculin A (LA) (195) at th e concentration o f 100 nM causes
almost com plete inhibition of PLB growth (Fig. 25). In poroelastic cell m odel such
inhibition may result from suppression o f bleb nudeation due to cortex degradation
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Inhibition of contractility prevents PLB retraction but has no effect on

extension. The peak extension and retraction o f PLBs w ere measured 0.5 and 5 min
after nsPEF exposure, respectively. The data are presented as mean + /- S.E. fo r the
following groups: control (buffer only), vehicle controls (DM SO 0.1 and 0.25% ),
blebbistatin in 0.1% DMSO and Y-27632 in 0.25% DMSO. The inhibition o f PLB
contraction by blebbistatin and Y-27632 is statistically significant at p<0.01 (Student's ttest) as compared to respective vehicle controls.

(196). Despite significant inhibition o f PLB extension, LA did not prevent bleb nudeation
perse. Inhibition o f nudeation by 100 nM LA started after at least 10-m inute incubation.
In that case, nsPEF tre a tm en t produced uniform cell swelling but no blebs (Fig. 25,
inset). Another actin toxin, jasplakinolide (JSP), also dem onstrated PLB inhibition. JSP
increases the rate of actin nudeation and stabilizes F-actin leading to depletion o f actin
pool (197). Cells exposed to pulses im m ediately a fte r being placed in th e buffer w ith 1
pM JSP w ere able to form and retract PLBs. However, cell exposure after 10-m inute
incubation with 1 p M JSP resulted in a random nudeation o f non-retractable spherical
blebs on th e cell surface (Fig. 25, inset).
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Inhibition o f actin polymerization by latrunculin A or jasplakinolide prevents

PLB growth. PLB length (mean + /* S.E.) was measured at its maximum im m ediately after
the nsPEF treatm en t. Only inhibition by 100 nM LA is significant (p<0.01, Student's ttest) as compared to control. Cells w ere placed in th e drug-containing buffer
im m ediately prior to nsPEF treatm en t. The inset shows typical blebs form ed in the
control buffer (0 nM LA, 2 min), in the presence of 100 nM LA or 1 p M JSP. Im m ediate
exposure to LA prevents bleb extension but not nudeation (100 nM LA, 2min).
Nudeation gets inhibited only after incubation (100 nM LA, 12 min). Im m ediate
exposure to JSP does not prevent PLB extension (1 p M JSP, 2 min) but 10-m in incubation
inhibits extension (1 pM JSP, 12 min). The scale bar is 10 pm.

W e also investigated the effect o f tubulin toxins nocodazole and paclitaxel on
PLB form ation. Pulse exposure of cells in th e presence of 1 p M or 10 p M o f nocodazole,
a microtubule inhibitor (198), did not prevent PLB developm ent. Interestingly, due to
nocodazole, nuclei o f some cells com pletely protracted from the cell body into PLB
interior during its retraction phase (Fig. 26). Incubation of U937 cells w ith 10 p M
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Fig. 26.

Destruction of microtubules increases m obility and deformation of nuclei

during PLB extension and retraction. NsPEF exposure is from 0 s to 119 s. (A) and (B)
illustrate tw o individual cells th a t show different behavior o f cell nucleus after
nocodazole treatm ent. (A) The nucleus gets pulled into PLB but then migrates back and
into the secondary bleb on the cathodic cell pole (arrow ). (B) Nucleus squeezes through
PLB neck and enters bleb lumen. The scale is 10 pm.

nocodazole for 10 minutes caused their disfiguration and such cells did not produce
PLBs. Paclitaxel, a tubulin stabilizing reagent (199), at 1 and 10 pM did not seemingly
affect PLB extension or retraction with or w ith o u t 10-m inute incubation (data not
shown).
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Inhibition of WASP by wiskostatin inhibits PLB grow th. Peak PLB length (m ean

+ /- S.E.) was measured im m ediately after nsPEF tre a tm e n t. Cells w ere placed in the
drug-containing buffer im m ediately prior to nsPEF tre a tm e n t. Inhibition by 10 p M and
25 pM wiskostatin is significant at p<0.01 (Student's t-test) as compared to control. The
scale bar is 10 pm. The inset shows typical blebs form ed in the control buffer and in the
presence o f 10 pM wiskostatin. Note concurrent thickening and shortening o f PLB.

PLB growth is suppressed by inhibition of Wiskott-Aldrich syndrome protein
Actin polymerization is essential for PLB form ation; however, upstream effectors
of polymerization are not clear. RhoA inhibition and contractility suppression do not
affect PLB extension stage. W e tested w hether bleb extension is affected by wiskostatin,
th e inhibitor o f WASP activation th at also prevents WASP interaction w ith upstream
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effectors such as Cdc42 and PIP2 (200). WASP activation is essential fo r initiation o f
actin polymerization (201). WASP activates A p r2 /3, a complex th a t stim ulates actin
nudeation and branching and thereby de novo form ation o f actin filam ents (202).
Wiskostatin can inhibits WASP interaction w ith Cdc42 (203), a m ajor cytoskeleton
regulator in mesenchymal and amoeboid m otility. Indeed, we found th a t wiskostatin
caused a dose-dependent suppression of PLB grow th (Fig. 27). PLBs form ed in the
presence o f wiskostatin w ere w ider and shorter than those in controls (Fig. 27, inset).
W hile 2 p M wiskostatin had no effect on PLB grow th, th e presence o f 10 p M wiskostatin
significantly reduced the PLB length. In the highest tested wiskostatin concentration
(25u M ) nsPEF induced form ation of short rounded blebs on the anodic cell pole.

DISCUSSION
PLB extension is guided by nsPEF, presumably due to support o f local
permeabilized state o f the anodic cell pole. The connection between continual high-rate
pulse application and perm eabilization is highlighted by tw o observations: (1) afte r
exposure term ination, perm eabilization may sustain and feed a sluggish bleb extension;
however, pulse guiding effect is term inated which results in a random drift o f growth
direction (Fig. 22B), and (2) when PLBs are nucleated on th e cell flanks instead o f the
anodic pole, they maintain anodotropic growth direction, further suggesting th a t pulse
stimulation provides guidance throughout th e w hole tre a tm e n t (Fig. 22A).
PLB maintains elongated shape and growth through actin polym erization utilizing
free actin pool. Conjugate staining shows th at actin is associated w ith PLB m em brane
from the beginning o f bleb extension. Cell exposure to LA, an actin polym erization
inhibitor, com pletely prevents PLB extension. Besides actin polymerization, LA m ay also
disrupt cortical actin o f cell soma (204) that may prevent PLB nudeation. But LA inhibits
PLBs before it prevents bleb nudeation, thereby cells loose ability to produce PLBs but
not static rounded blebs. Disruption o f cell cortex and com plete inhibition o f cell
nudeation requires at least 10-m inute incubation with latrunculin A (Fig. 25, inset).
Experiments w ith JSP dem onstrate th at PLB growth relies on free actin. Im m ediate cell
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exposure to 1 pM JSP does not affect PLB form ation; however, a fte r 10-m inute
incubation the nsPEF treatm en t causes the form ation o f regular rounded blebs only (Fig.
25, inset). This effect is explained by depletion o f cellular pool of free actin (205), thus
making actin monom ers unavailable for PLB extension. Microtubules seem not to play a
distinctive role in PLB lifecycle. Inhibition o f microtubules by 1 p M nocodazole has no
apparent effect on PLBs, while lO u M nocodazole inhibits PLBs causing apparent cells
disfiguration. Interestingly, nocodazole tre a tm e n t facilitates translocation o f nucleus
into PLB. This effect may be interesting in view of reports about stim ulating effect o f
tubulin toxins on blebbing m otility (206). The lack o f definitive role o f microtubules in
PLB form ation is fu rth er supported by the absence o f paclitaxel effect.
Small GTPases play an im portant role in protrusion form ation and blebbing
motility. Here, w e show that contrary to th e blebbing m otility, RhoA and cortex
contractility are not essential for PLB nudeation and extension. M eanw h ile, actomyosin
contractility o f the bleb cortex is crucial for PLB retraction. Experimental results confirm
th e central role of RhoA-ROCK dependent pathw ay in PLB retraction. Inhibition o f RhoAROCK interaction by Y-27632 (207) com pletely eliminates PLB retraction. Such
regulation is consistent with the retraction mechanisms in physiological blebs (132).
During the retraction PLBs dem onstrate slow shrinkage and crumpling. Due to
contraction, the liquid extruded from PLB into the cell body causes swelling a n d /o r
form ation o f secondary rounded blebs. The trigger fo r retraction is not yet clear;
however, its activation apparently requires term ination o f permeabilizing nsPEF
treatm en t and deactivation of PLB extension mechanisms.
PLB extension relies on actin polym erization due to WASP activation th a t m ay be
caused by upstream effectors o f WASP, such as Cdc42 or PIP2. WASP is com m only
expressed in hem atopoietic cells w here it's present in auto-inhibited conform ation
(208). Binding of Cdc42 or PIP2 releases auto-inhibition o f WASP leading to its
activation. Active WASP binds G-actin and A rp 2 /3 complex th a t in turn stimulates actin
polymerization (209) (Fig. 28).
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membrane.
Cdc42

Nudeation

Inactive Arp2/3
Branching
Fig. 28. Regulation o f WASP and its role in actin polym erization. Inactive WASP exists in
cells in auto-inhibited confirmation. Auto-inhibition is disrupted by WASP interaction
with Cdc42 and PIP2 which, in turn, leads to protein activation. Active WASP binds and
activates A rp2/3 complex, a m ajor regulator o f actin assembly. WASP-Arp 2 /3 complex
stimulates form ation of new nudeation core and branching o f actin filam ents through
addition o f monomers. Branching and de novo form ation o f cortex actin filam ents leads
to local 'out-pushing' of cell m em brane. Adapted w ith permission from Dos Remedios et
al., 2003 (210).

Inhibition o f WASP by wiskostatin showed dose-dependent suppression of PLB
extension. In the presence of wiskostatin PLBs are still nucleated on the anodic cell pole;
however th e ir length is significantly smaller. Short PLBs form ed in the presence of
wiskostatin maintain polarity and protrusive growth. O f note, effects of wiskostatin on
PLBs develop at low concentrations and do not require incubation th a t reportedly
causes toxicity in cells (211). Further confirmation o f the role of WASP and ROCK
effectors, such as small GTPases Cdc42 and RhoA, will require more specific approaches
such as spatial and tem poral verification of RhoA and Cdc42 activity using fluorescent
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reporters (212). Their use is currently im peded by th e low efficiency o f genetic
manipulations in U937 cells (213).
The above experim ents clearly show th a t under Ca2+-free conditions, nsPEF
tre a tm en t can initiate and guide th e form ation o f protrusive extensions, PLBs, in U937
cells. Different stages of PLB lifecycle are orchestrated by coordinated rearrangem ents
o f the cell cytoskeleton. PLB extension is m aintained by th e activation o f actin
polymerization, w hile retraction requires activation of myosin contractility. PLBs
retraction can be coupled to the cell body translocation, and therefore may serve as a
simple model o f bleb m otility. W e provide evidence that PLB lifecycle may be controlled
by WASP and ROCK effectors, such as Cdc42 and RhoA. Considering w ide implications of
these GTPases in cell physiology (214), th e ir fu rth er investigation may provide new
insights for the use o f nsPEF technology in biomedical applications. PLBs may provide a
valuable tool for investigation of bleb-like protrusions and their correspondence to
actin-driven cellular protrusions (215). Although physiological relevance o f PLBs is yet to
be determ ined, using nsPEF to induce cell polarization, directed m em brane extension
and cell locomotion offers prospects fo r fu rth er investigation.
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CHAPTER V
CONCLUSIONS A N D FUTURE STUDIES

The repertoire o f th e PEF-induced cellular effects and their understanding is
increasing as more sophisticated cell biology techniques are being applied in the
discipline. The introduction of nsPEF, with its subtle permeabilization and action on the
cell interior, has drawn attention to th e intracellular processes and events. The effects
o f nsPEF are commonly treated through the fram ew ork o f th e cell circuit, lattice model
and molecular dynamics simulations (2 1 6-21 8 ) th a t first o f all helps to understand th e
interaction betw een the electric pulse and th e cellular m em brane. The resulting
electroporation unfolds the m ultitude o f biological processes pertaining to a particular
cell type and physiology.
Regulated increase in m em brane perm eability to ions and w a te r is a universal
mechanism of signal transduction (24-26). Nanopores opened due to nsPEF application
lead to w ater entry and Ca2+ uptake, and maintain electroperm eabilized state o f the cell
m em brane for a period required to produce complex morpho-physiologic changes in
exposed cells. In U937 cells, Ca2+ presence during nsPEF tre a tm en t is able to induce
microvesiculation, while the same pulse exposure in the absence o f Ca2+ leads to
pseudopod-like blebbing. Pseudopod-like blebbing is fueled by electroperm eabilizationinduced w ater uptake and coordinated through th e local actin-based extension and
subsequent myosin-driven retraction. Unlike pseudopod-like blebbing,
microvesiculation is a whole cell response th a t is independent from COS. Such a switch
in the cell response establishes Ca2+ presence as an independent param eter determ ining
th e type o f cell response to electroperm eabilization. It also indicates th a t Ca2+ may
inhibit directional cues o f electroporation and override cytoskeleton reaction to nsPEF.
Electroporation is an established technique fo r cell transfection and introduction
o f bioactive molecules. NsPEF can induce packaging and release o f delivery vesicles and
thereby may enhance the scope o f cell manipulations by electric pulses. The transport of
biologicals and drugs in the blood stream is enhanced via com partm entalization, for
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exam ple incorporation into liposomes (219). Delivery and homing o f liposomes poses
certain limitations which may be surpassed by developm ent of endogenous transport
systems, e.g., microvesicles. As o f today, th e smallest ECVs, exosomes, w ere successfully
used for non-invasive introduction o f drugs (220) and homing of drugs into th e central
nervous system (220). U937 and HL60 cells possess machinery for production o f
microvesicles. This machinery may be used in com bination with nsPEF for packaging and
release o f desirable biological products, fo r instance proteins or siRNA. W e
dem onstrated th a t induction o f microvesiculation in eGFP-transfected U937 cells leads
to capture o f eGFP in releasing microvesicles. These encouraging results suggest th a t
nsPEF, when combined w ith cell engineering, may becom e a tool fo r drug-free
controllable production o f loaded vesicles fo r various biotech or medical applications.
Treatm ent by nsPEF can be translated into coordinated biological effects and cell
activation. W hile microvesiculation is a Ca2+-induced and COS-independent
phenom enon, pseudopod-like blebbing, to the contrary, relies on COS and th e absence
o f Ca2+. COS supplies volum e for bleb grow th, w hile assembly of actin cortex supports
bleb shape and growth. The exclusiveness o f PLBs to U937 cells suggests th a t this
monocytic lineage may have a distinctive cytoskeleton regulation th a t makes cells
responsive to non-uniform perm eabilization o f cell surface. Such blebbing resembles
m otility blebbing used by a variety o f cell types, including leukocytes, fo r migration
(156). NsPEF-induced perm eabilization seems to break th e cell sym m etry and act as an
orientation cue concurrently with providing w ater uptake to feed bleb extension. Cell
orientation and symmetry breaking are the cytoskeletal reactions to chem oattractant
gradients (221), and nsPEF ability to elicit similar responses suggests th a t both stimuli
share common underlying pathways. Further investigation o f these pathways will clarify
w h ether pulses assist or substitute chemical means o f cell orientation.
U937 cells are capable of translocation via a single PLB extension-retraction
cycle. Although tested nsPEF exposure causes only m inor propidium uptake, such
translocation is associated with considerable swelling. At th e tested pulse param eters it
seems unlikely th a t nsPEF would provide an effective mechanism for blebbing m otility.

64

However, the reduction o f pulse length or exposure of smaller portion of cell m em brane
may reduce overall permeabilization in favor of actin-dependent effects. Actin is
regulated by small GTPases th a t play a central role in m ultiple cellular processes.
Further investigation o f their implication in nsPEF phenom ena will provide new insights
into nsPEF biological effects.
Biological cell in the electric field is subject to electrom echanical forces including
mechanical deform ation and electromechanical M axwell stress (222). Circuit cell model
and molecular dynamics simulations effectively describe and interpret im m ediate pulse
effects but these approaches are not applicable fo r the interpretation o f cell reshaping,
biological effects unfolding during and im m ediately after exposure o f cells to trains of
high-PRF nsPEF. Cell reshaping occurs on a relatively short tim e fra m e and may not
reflect long term effects o f disturbed ion balances, m em brane depolarization and ATP
depletion. However, it reflects im m ediate nsPEF effects and main m ediators o f cell
morpho-physiological changes - Ca2+ uptake and w a te r entry. Further investigation of
their targets will expand the scope o f cell m anipulation using pulse technology.
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